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1. THE CELL WftLL OF GRAM-POSITIVE BACTERIA 
1.1. Introduction 
The 










cell envelope of 
ell wall and the 
s the cytoplasmic 
osmotic forces an 




in. The membrane 





















о or thro 
terium consists 
. The cell wall 
ts the cell 
e of the or-
erium contains 




ugh the cell 
Fig 1.1. 
Schematic representation of the cell envelope of a 
Gram-positive bacterium. CM, cytoplasmic membrane; 
W, cell wall. The cell wall consists essentially 
of a thick, multilayered peptidoglycan structure (1) 
and of neutral and anionic polysaccharides (2). 
Lipoteiohoic acids (3) are anchored in the cytoplasmic 
membrane (Modified from Poste, 1977). 
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In contrast. Gram-negative bacteria have a more complex 
cell envelope. The peptidoglycan layer is thin and a second 
membrane (outer membrane) surrounds the cell wall. The lat­
ter membrane contains (lipo)polysaccharides, proteins, lipo­
proteins and phospholipids (Fig 1.2.; Table 1.1.) . The 
discrimination between Gram-positive and Gram-negative 
bacteria by means of the color reaction of Gram (1884) 
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The outer surface of the cell wall is important for the 
interaction of the bacterium with other bacteria, bacterio-
phages and host. The interaction may also be mediated by 
2 
Table 1.1. 
Components of the bacterial cell envelope 
Components Gram-positive Gram-negative 
Peptidoglycan 







+ = present 
+^  = may be present 
- = absent 
excreted components like bacteriocins (Tagg etal., 1976) 
and lipoteichoic acids (Shockman, 197Θ). When bacteria have 
entered a host, the outer surface components may stimulate 
formation of antibodies specifically directed to the com­
ponents situated at the outside of the organism. 
The mechanism of selective adherence of bacteria is 
only partly known (Rogers, 1979; Arbutnott and Smyth, 1979). 
The adherence of Gram-positive bacteria is mediated by 
surface polymers such as (lipo)teichoic acids, polysaccha­
rides and proteins (Smith, 1977; Ofek et al., 1975, 1978). 
Structures like pili are responsible for the attachment 
of Gram-negative bacteria to mammalian cell surfaces (Duguid 
and Gillies, 1957; Salit und Gotschlich, 1977; Rogers, 1979; 
Arbutnott and Smyth, 1979). For several Gram-negative bac­
teria a sugar residue at the mammalian cell surface is 
essential for this adherence (Ofek et al., 1977, 1978). 
Studies of the cell wall of Gram-positive bacteria 
have been reviewed by Leive (1973), Mandelstam (1973), 
Braun and Hantke (1974), Poste (1977), Sutherland (1977), 
Rogers (1978), Tipper et al., (1979) and Wicken and Knox 
(1980). 
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In this chapter we shall only treat some of the main 
aspects of the isolation, analysis and structure of bac­
terial cell wall components. We shall mainly present the 
characteristics of Bifidobacterium blfldum subspecies 
pennsyIvanicum and its cell wall. 
1.2. Isolation of bacterial cell walls 
Bacteria, cultivated in batch culture or chemostat, 
are collected by centrifugation. Adhering medium is removed 
by washing the cells with cold water (or buffer), where­
upon they are resuspended as a homogenous suspension. Auto-
lytic degradation of the cell walls, is prevented by cooling 
the suspensions to 0-4° С or killing the bacteria by heating 
them for 10-30 rain at temperatures varying from 60-100° C. 
Mechanical disintegration of the cell wall is usually 
performed to produce a lesion, and the intracellular con­
tent is liberated from the outer layers of the cell. 
Violent shaking of a suspension of bacteria with small glass 
beads (e.g. Ballotini beads) results in minimal fragmenta­
tion of the cell wall. The Mickle disintegrator (Mickle, 
1948) is used for small amounts (up to 400 mg cells) , while 
the Braun disintegrator (Merkenschlager et al., 1957) is 
suited for larger amounts (a few grains). A pressure eel dis­
integrator (French press: Milner et al., 1950; Ribi press: 
Ribi et al., 1959) can also be used by forcing the cell 
suspension at very high pressure through a small orifice. 
Ultrasonic vibration of bacterial suspensions will also 
break the cells. Since all these disruption methods produce 
heat, the suspensions must be cooled in order to minimize 
physical and chemical changes. 
The separation of the cell wall fraction from glass 
beads, unbroken cells, cell sap, cytoplasmatic constituants 
and buffer may be performed by filtration, washing, differen­
tial сел tri fugation and enzymic digestion. Examination of 
the isolated cell wall fraction by light or electron micro­
scope may give information about the presence of inorganic 
particles, intact cells or cytoplasmatic materials. The 
presence of nucleic acid components and amino acids, which 
are not part of the peptidoglycan, in the cell wall fraction 
suggests the presence of remnants of cytoplasmic or membrane 
components. 
1.3. Isolation of cell wall polymers 
Simple chemical analysis of the isolated cell wall 
gives little information, because it reflects the overall 
composition of all cell wall polymers and of possible mem­
brane remnants (e.g. proteins and lipoteichoic acids). 
Therefore it is necessary to isolate the individual polymers 
without destruction or contamination by other components. 
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The composition and structure of the cell wall polymers 
depends on the bacterial species and shows large variations. 
The main polymer of the cell wall of Gram-positive bacteria 
is peptidoglycan, a thick multilayered polymer, which is 
responsible for the shape and rigidity of the organism (See 
1.4.). It may be isolated by stripping off all other poly-
mers by boiling cell walls for 20 min in 10% trichloroacetic 
acid (Schleifer and Kandier, 1972). 
The cell wall may contain teichoic acids, cell wall 
polymers bearing phosphate groups, teichuromc acids, another 
kind of anionic polymers, or neutral polysaccharides, which 
are mostly covalently linked to peptidoglycan (See section 
1.6.). Extraction with diluted acids, like HCl or trichloro-
acetic acid, or with more specific reagents like phenol 
or hot forraamide, breaks the covalent linkage between the 
polymer and peptidoglycan or in the polymer itself. A less 
drastic method is the use of muralytic enzymes, which degrade 
the peptidoglycan and solubilize the polymers, but these 
polymers are still linked to small parts of peptidoglycan. 
The solubilized components can be separated by gel filtra-
tion or ion-exchange chromatography. The homogeneity of the 
isolated polymer may be checked by electrophoresis, ultra-
centnfugation or immunological tests, before chemical 
analyses are performed. 
The lipoteichoic acid, which pierces through the cell 
wall, can be extracted from the isolated cytoplasmic mem-
brane by phenol solution and purified with nucleases and 
column chromatography. 
Information about the structure of the isolated poly-
mer may be obtained by hydrolysis of the polymer to its 
monomeric building blocks, partial hydrolysis of the polymer 
or the use of glycosidases. Also periodate oxidation, methyl-
ation analysis, combined gas-liquid chromatography-mass 
spectrometry and nuclear magnetic resonance spectrometry 
can be applied on the intact as well as the enzymatically 
or chemically degraded polymer. The outcome of these methods 




In nearly all prokaryotes, particularly bacteria and 
blue-green algae, peptidoglycan is responsible for the 
rigidity and mechanical strength of the cell wall. In con-
trast to the supporting exostructures of eukaryotic cells 
(cellulose or chitin), the glycan chains of peptidoglycan 
are cross-linked by peptide chains. The composition and 
structure of peptidoglycan seems to be rather similar in 
Gram-negative bacteria, but there is a large variation 
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among Gram-positive organisms. 
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The peptide moiety is bound via its N-terminus to the 
carboxyl group of N-acetyl muramic acid. In most organisms 
muramic acid carries a tetrapeptide unit, L-alanyl-D-gluta-
minyl-L-diaminoacyl-D-alanine. Sometimes a tripeptide 
unit, which lacks the D-ala molecule, is present. In Micro-
cuccus luteus only about 60-70% of the muramic acid molecules 
are substituted (Leyh-Bouille et al., 1966). The peptide 
unit consists of alternating L- and D- amino acids. Some­
times glycine replaces D-alanme at the N-terrainus. Most 
variations occur in the diamino acid, which may consist of 
L-ornithine, L-lysine, or LL- or meso-diamino-pimelic acid. 
NAc 
CH3—О С 
pept ide unit 
Fig 1.3. 
Structure of the N-acety1-glucosaminy1(l-*4) I 
muramyl peptide unit. 
-N-acetyl-
Two peptidoglycan chains can be cross-linked by peptide 
bonds between the free amino group of the diamino acid 
and the carboxyl group of D-alamne or the carboxyl group 
of a bridge peptide linked to D-alanme. This bridge peptide 
may consist of one to six amino acid residues. Based on 
composition and location of the linkage between the glyco-
peptide units, the peptidoglycans have been classified by 
Ghuysen (1968)) in four main types. The most frequent type 
is that in which meso-diamino-pimelic acid is linked to the 
D-alanine residue of an other glycopeptide (type I; Fig 
1.4). It occurs in Gram-positive species (e.g. bacilli), 
probably in all Gram-negative bacteria and is also found 
in highly evolved prokaryotes such as myxobactena and 
blue-green algae. 
Schleifer and Kandier (1972) drafted another classifica­
tion system based on the mode of cross-linking and the 
proposed path of biosynthesis. In this way a correlation 
between peptidoglycan and taxonomy appeared possible. The 
degree of cross-linking varies from 30% in bacilli and most 
Gram-negative bacteria to about 100% in staphylococci, 
where all glycopeptides are cross-linked. 
The resulting net-like arrangement of glycan chains, 
linked to each other by peptide bridges, forms a three-
dimensional rigid complex around the bacterial cell.Its 
lysozyme 







ι ι l 
D-ala m-DAP D-ala 
ι „ ι 
D-glu D-ala 
I L-ala 
I GLcNAc— MurNAc —GLcNAc 
Fig 1.4. 
Most common type of peptidoglycan (Chemotype I, 
Ghuysen, 1968). DAP = meso-diaminopime1ic acid. 
The linkage split by lysozyme is indicated. 
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exact three-dinensional structure xs still a matter of de-
bate, but several models have been proposed for the struc-
ture of the peptide and the glycan part of the peptidoglycan 
(Oldmixon et al., 1974; Formanek et al., 1974, 1976; Bürge 
et al., 1977 a and b ) . The spatial orientation of the 
glycan chains in the cell wall seems to be more or less 
perpendicular to the long axis of the cell. In electron 
micrographs the isolated cell wall of В• subtilis var. 
niger shows a striated appearance, probably caused by the 
tangential orientation of the glycan chains (Verwer and 
Nannmga, 1976; Verwer, 1979) . The X-ray results of Bürge 
et al. (1977 a and b) indicate that the glycan chains run 
parallel to the surface of the peptidoglycan layer and are 
therefore not radially directed. 
1.4.2. Functions and properties 
The peptidoglycans are mainly responsible for the 
rigidity of the cell. Allthough they were assumed to confer 
the shape of the organism (Saltón, 1964) , the chemical 
composition and structure of the cell wall peptidoglycan 
do not appear to reflect the variety of shapes of cells 
in which they are found. Cell walls isolated from cocci 
are spherical, whereas walls isolated from bacilli are 
cylindrical (Saltón, 1964; Henning, 1975). Polymers like 
teichoic acid, teichuromc acid and protein present in 
the cell wall may not significantly contribute to the shape 
and mechanical properties of an already existing cell wall, 
because removal of these polymers does not alter these 
characteristics (Rogers, 1977) . An important function of 
peptidoglycan may also be to serve as an anchor point for 
other cell wall components. Its linkage to various polymers 
is discussed in section 1.6.3. 
Peptidoglycans may also have biological activity, 
e.g. immunogenic properties (Abdulla and Schwab, 1965; 
Krause, 1975; Heymer et al., 1976; Seidl and Schleifer, 
1977; Stewart-Tuli, 1980) and endotoxin-like properties 
(Heymer, 1975). Finally they may also act as molecular 
sieves (Scherrer and Gerhardt, 1971). 
1.5. Proteins 
In isolated cell walls of Gram-positive bacteria 
proteins can be detected, which are linked to the cell wall 
(McCarty and Morse, 1964; Rogers and Perkins, 1968; Doyle 
et al., 1977; Leduc et al.. 1977). In cell walls of В. sub-
tills 50% of the proteins remain covalently linked after 
treatment of the cell walls with detergents, protein dé-
naturants, proteases and nucleases (Brown et al., 1976; 
Doyle et al., 1977). Some RNA also resists all these pro-
cedures, while all DNA is lost only in some cases (e.g. 
treatment with NaOH or trichloroacetic acid). The probable 
presence of a complex of proteins and nucleic acids may 
support the view that the cell wall is a structure, which 
segregates chromosomes during growth and division (Doyle et 
al. , 1977) . 
In the cell walls of group A streptococci three differ­
ent protein components M, R and Τ are present, which may 
function as antigens (McCarty and Morse, 1964). Protein M, 
which is covalently linked to the fimbriae of the bacteria, 
is the virulence factor of these organisms. Proteins R and 
Τ play no known role in the virulence of the organism. 
Protein M is not involved in the initial step of the infec­
tion process, adherence of the bacteria to mucosal surfaces, 
as had been suggested by Ellen and Gibbons (1972) . Beachey 
and Ofek (1976) demonstrated that the lipoteichoic acid, 
which is also present in fimbriae, is responsible for the 
adherence. 
Proteins of cell walls are largely non-covalently 
bound e.g. 70% in B. psychrophilus (Best and Mattingly, 
1973) and 50-75% in B. species C.I.P. 76-111 (Leduc et al., 
1973, 1977). The non-covalently bound cell wall protein 
of the latter organism has a high molecular weight (225 000) 
and accounts for over 50% of cell wall weight. 
Because lipoteichoic acid, teichoic acid or anionic poly­
saccharide are absent from the cell wall of this organism, 
this protein may take their functions. 
1.6. Teichoic acids and telchuronic acids 
1.6.1. Introduction 
Teichoic acids are a group of phosphate-containing 
polymers which occur in membranes, walls and capsules of 
Gram-positive bacteria. They may be present in amounts of 
up to 50% of cell wall dry weight (McCarty and Morse, 1964; 
Baddiley, 196Θ, 1972; Ellwood and Tempest, 1972; Reaveley 
and Bürge, 1972; Braun and Hantke, 1974; Lambert et al., 
1977; Duckworth, 1977). There are two types of teichoic 
acids, the cell wall teichoic acids and the membrane tei-
choic acids or lipoteichoic acids. Cell wall teichoic acids 
are covalently linked to peptidoglycan. They are composed 
of glycerol phosphate, ribitol phosphate or sugar 1-phos-
phate polymers and may be substituted with components like 
alanine or glycosyl residues. The amount and nature of 
cell wall teichoic acids may depend on growth conditions. 
In several species phosphate limitation results in complete 
replacement of teichoic acid by telchuronic acid (Ellwood 
and Tempest, 1972). Telchuronic acids are also anionic poly-
mers, but in contrast to teichoic acids, they lack phosphate 
and owe their anionic nature to the presence of acidic 
sugars in the molecule. 
9 
Membrane teichoic acids are covalently linked to a glyco-
lipid residue that forms part of the membrane. These lipotei-
choic acids are mostly of the glycerol phosphate type 
(See 1.7.) . Membrane teichoic acids, and even different types 
of cell wall teichoic acids often occur in the same organism. 
1 .6.2^3trueture 
The most important types of teichoic acid are (Baddiley, 
1972; Duckworth, 1977): 
1. Ribitol teichoic acid. 
The cell wall teichoic acid is made up of a ribitol chain, 
1,5-phosphodiester linked, where ribitol may be substituted 
at the C-4 position with a GlcNAc and at the C-2 position 
with a D-alanine molecule (Fig 1.5a). Ribitol polymers 
with other substituents (e.g. glucose) are found in B. sub-
tilis (α-glucose, Armstrong et al., 1961) and Lactobacillus 
arabinosus 17.5. (α-glucose, Archibald et al., 1961). 
Complex structures of teichoic acids are found in pneumococci, 
where various sugar residues form part of the main poly­
mer chain (Venkata Rao et al., 1966, 1969; Kennedy et al., 
1969). The C-polysaccharide of Streptococcus pneumonia is 
also a complex ribitol teichoic acid (Poxton et al., 1978). 
2. Glycerol teichoic acids. These may be present as poly­
mers of 
a. Glycerol phosphate. 
These molecules may be present as 1,3-linked phosphodiester 
polymers, substituted at the C-2 position with alanine or 
glycosyl groups (Fig 1.5 b) , or as 2,3-linked phosphodies­
ter polymers with an a-glucosyl substituent at C-l (B. sub-
tills var. niger V.M.; de Boer at al., 1976, 197Θ). 
b. Glycosylglycerol phosphate. 
An example of the polymer is poly glucosylglycerol phos­
phate, which is present in B. stearothermophilus В 65 (de 
Boer et al., 1978; Fig 1.5 с ) . This polymer is also found 
in B. licheniformis ATCC 9945 together with its galactosyl 
analog (Burger and Glaser, 1966). 
c. Glycerol phosphate and sugar 1-phosphate residues. 
In S. lactis I 3 (Archibald et al., 1968, 1971, 1973) gly­
cerol phosphate is attached to C-4 of N-acetyl-glucosamine 
1-phosphate, whereas D-alanine is fixed at C-6. 
3. Polymers of sugar 1-phosphate residues. 
Such molecules are present in S-lactis 2102 (Archibald et 
al., 1971) as 1,6-phosphate-linked N-acetyl-D-glucosamine 
polymers and in Micrococcus sp AI (Partridge et al., 1971) 
as repeating units of l6-glucosyl-(l->3)-N-acetyl-glucosamine 
1-phosphate} (Fig 1.5 d ) . 
Teichuronic acids may result of phosphate limitation 








Structures of some cell wall telchoic acids. 
a. Ribitol phosphate telchoic acid. R = H or glycosyl; 
Ala = D-alanyl. 
b. Glycerol phosphate teichoic acid. R = H or glycosyl; 
Ala = D-alanyl. 
c. Glucosylglycerol phosphate teichoic acid. 
d. Polymer of {6-glucosyl(1- 3)a-N-acety1-glucosamine-
1-phosphate}. 
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1968; Ellwood and Tempest, 1972) and В. licheniformis ДТСС 
9945 (Hussey et a l . , 1 9 7 8 ) . In some other species they may 
occur without phosphate limitation (Table 1.2.) . Details 
of the structure of some teichuronic acids are given in 
Table 1.2. 
Table 1.2. 
Structure of some teichuronic acids 
Compounds or structure of the repeating unit Occurrence and 
reference 
NAc-GalA:FucNAc: Tau (4:2:1) Staph, aureus M 
(Liau and Hash, 
1977) 




S. bovis C3 
(Pazur and Fors-
berg, 1978) 
-Glc ( l->3) -a-Rha- (1-M) / ( l-<-3) -a-Rha ( 1-M) B. megatenum M4 6 
(Ivatt and Gll-
varg, 1979) 
-NAc-Ma η A- ( l-*6) -ß-Glc- (1-M) -a-<- M. lydodelkticus 
(Hase and 
Matsushima, 1977) 
GlcA(l-*4)-B-GlcA(l->-3)-B-GalNAc(l->-6)-ß-GalNAc(l->-4)-a В. licheni f ormis 
ATCC 9945 
(Lifely et al . , 
19B0) 
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1.6^3. Linkage to geptidoglycan 
The involvement of a phosphodiester linkage of muramic 
acid in the peptidoglycan to teichoic acid was found some 
years ago (Muñoz et al., 1967; Grant and Wicken, 1968; 
Hughes, 1970, Mirelman et al., 1971). Such a direct linkage 
was not consistent with the experimental findings that 
intact teichoic acids can be extracted from cell walls by 
mild acid and alkaline conditions. This suggests that the 
linkage of the phosphodiester in the teichoic acid polymer 
is more stable than the phosphodiester of the linkage which 
joins teichoic acid to peptidoglycan. Recently a linkage 
unit, which connects teichoic acid to peptidoglycan, was 
isolated (Coley et al., 1976, 1977, 1978; Hepstinstall et 
al., 1978). The linkage unit consists of a glycerol phosphate 
trimer which is connected through an alkali-labile phospho-
diester linkage to N-acetyl-glucosamine 1-phosphate (Fig 
1.6.). The N-acetyl-glucosamine 1-phosphate molecule is 
linked by an acid-labile phosphodiester bond to C-6 of mu-
ramic acid. The location of the linkage of the glycerol 
phosphate trimer to N-acety1-glucosamine may vary.In Staph. 
aureus H and Micrococcus sp 2102 the trimer is linked 
to the C-4 position, but in B. subtilis W 23 to the 
C-6 position of N-acety1-glucosamine (Coley et al-, 1978). 
leichoic 




Structure of the linkage unit between teichoic acid and 
peptidoglycan in Staph, aureus (Coley et al., 1978). 
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The linkage of teichuronic acid to peptidoglycan is not 
uniform. In M. lysodeikticus the teichuronic acid is linked 
to the C-3 of a N-acetyl-glucosamme 1-phosphate. The phos­
phate group may be linked to the C-6 of muramic acid (Hase 
and Matsushima, 1977), but a bond to C-6 of N-acety1-gluco-
samine has also been suggested (Nasir-ud-Din and Jeanloz, 
1977; Warren et al., 197Θ). The teichuronic acid of В. 
megaterium M 46 is not linked to the peptidoglycan via a 
phosphodiester (White and Gilvarg, 1977; Ivatt and Gilvarg, 
1977, 1979) but by an as yet unidentified linkage. 
1.6.4. Functions and properties 
Archibald et al. (1961) suggested that teichoic acids 
could act as ion exchangers, especially for Mg , a cation 
important for many membrane-bound enzymes. The amount of 
the labile ester-linked alanine may have a regulating func­
tion for the binding of cations to the teichoic acid. (Hep-
tinstall et al., 1970; Lambert et al., 1975 a and b ) . 
Other acid polysaccharides like teichuronic acid (Tempest 
et al., 1968; Powell et al., 1975; Hussey et al., 1978) may 
also have a cation-binding function. Teichoic acids may 
inhibit the autolytic system of pneumococci (Tomasz and 
Waks, 1975). Their function as specific allosteric ligands 
for bacterial cell wall lytic enzymes has been demonstrated 
in pneumococci (Tomasz and Westphal, 1971) and B. subtilis 
ATCC 6051 (Herbold and Glaser, 1975). 
Teichoic and teichuronic acids have immunological pro­
perties (McCarty and Morse, 1964; Baddiley, 1968; Sharpe, 
1970; Knox and Wicken, 1973; Pazur and Forsberg, 1978). 
Teichoic acids may also function as acceptors for bacterio­
phages (Archibald and Heckels, 1975; Archibald, 1976; Bracha 
et al., 1978; Anderson et al., 1978) and as a reserve phos­
phate source when bacteria are starved for organic phos­
phate (Grant, 1979) . 
1.7. Lipotelchoic acids 
1.7.1. Structure 
In many species of Gram-positive bacter 
streptococci, bacilli) amphipathic polymers 
acids (LTA) are present. These molecules are 
in the cytoplasmic membrane by means of thei 
part. Their polar part extends in and probab 
of the cell wall (Wicken and Knox, 1975). In 
cus and some related organisms lipotelchoic 
by an acid membrane-associated lipomannan (P 
1975). Until recently it was assumed that ne 
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Structure of lipoteichoic acid of Staph, aureus 
(Lambert et al., 1977). 
Lipoteichoic acid molecules with a more complicated structure 
are found in L. fermenti, S. lactls, S. faecalis and L. hel-
veticus (Wicken and Knox, 1975, 1976). In these polymers 
an additional fatty acid is linked to one glycerol phosphate 
residue and the glycerol phosphate chain is substituted 
with mono- and disaccharides of glucose and/or galactose. 
In L. casei DSM 20021 a third fatty acid is linked to the 
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Structure of lipoteichoic acid of S. lactis 47127. 
η = 6.4-10.8 (Koch and Fischer, 1978). 
1.7.2¿ Function and grogerties 
Lipoteichoic acids may bind cations like cell wall 
teichoic acids. Their function as membrane-bound accep-
tor in the biosynthesis of teichoic acid and peptide5lycan 
assembly (Wyke and Ward, 1975; Lambert et al., 1977) is 
unlikely in the case of teichoic acid synthesis (Fischer 
et al., 1980). They may play a physiological role in regu-
ló 
lating autolytic activity in certain bacterial cells (Tomasz 
and Waks, 1975; Larabert et al., 1977). The pneumococcal 
lipoteichoic acid (Forssman antigen) is a specific inhibitor 
of the autolytic activity in pneumococci (Holtje and Tomasz, 
1975; Cleveland et al., 1975). In S. faecalis various lipids, 
but not glycolipids, are effective inhibitors of cell wall 
autolysis, so this property is not unique for lipoteichoic 
acid (Cleveland et al., 1976). 
Lipoteichoic acid may also inhibit glucosyItransferase 
activity, which is responsible for the synthesis of external 
glucan polymers, as was shown for S. mutans GS 5 (Kuramitsu 
et al., 1980). In contrast to the deacylated form, intact 
lipoteichoic acids are potential immunogens. Their effect 
is variable and depends on the method of presentation (Wicken 
and Knox, 1980). Antibodies are formed against various de­
terminants of lipoteichoic acid its polyglycerophosphate 
backbone, the carbohydrate and alanine substituants and 
the glycolipid moiety (Knox and Wicken, 1973). Their sur­
face antigenic properties were demonstrated for group D 
streptococci, where they were recognized as the group speci­
fic antigens ( Lancefield, 1940; Wicken et al., 1963). 
Several bacterial species, including lactobacilli and 
streptococci, excrete lipoteichoic acids in acylated (and 
micellar) form and/or in deacylated (and monomeric) form. 
(Markham et al., 1975; Shockman et al., 1978). In S. faecium 
a precursor-product relationship of intracellular (acylated) 
and extracellular (deacylated) lipoteichoic acid was shown 
(Kessler and Shockman, 1979 a ) . This suggests the presence 
of an enzymatic activity which converts the acylated to the 
deacylated form, and which is probably located at the outer 
surface of the membrane (Kessler and Shockmann, 1979 b ) . 
Release of lipoteichoic acid (Alkan and Beachey, 1978; 
Shockman et al., 1978; H o m e and Tomasz, 1979) but also 
of peptidoglycan (Keglevic et al., 1979) and membrane lipids 
(Veerkamp, 1976 b; H o m e et al., 1977), can be stimulated 
by withholding valine or by treatment with certain anti­
biotics. The excretion of acylated or deacylated lipotei­
choic acid may have important consequences. The deacylated 
form may inactivate antibodies directed against these poly­
mers, while the acylated form could inhibit autolysis in 
adjacent bacteria of the same or different species. The 
excretion of the acylated form may also play an important 
role in the adherence of penicillin-treated streptococci 
(group A) to human oral epithelial cells (Alkan and Beachey, 
1978). Lipoteichoic acid binds spontaneously to a variety 
of animal cell membranes, but deacylation abolishes its 
binding ability (Ofek et al., 1975; Beachey et al., 1979; 
Simpson et al., 1980 Ь ) . The acid, but not its deacylated 
derivative, binds to the fatty acid-bindmg sites on serum 
albumin (Simpson et al., 1980 a ) . 
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1.8. Other polysaccharides 
1.8. 1 ._Neutral golysaccharides_of_the cell wall 
Neutral polysaccharides may be present as cell wall 
components, but also in capsules or slime layers as exo-
polysaccharides. Some of the former group are presented 
in Table 1.3. Their linkage to the cell wall is not uniform. 
Table 1.3. 
Structure of neutral polysaccharides of some Gram-positive 
bacteria 
Repeating unit in the 
main chain 
Side chain Occurrence and 
reference 
Glc/Rha/Gal 1:1:1 not determined L. acidophilus 





- (l-*4)-ß-Gal- (1* 
Gal- (1-M) -ß-Glc-
-(1+6) 






• 2/3-α-Rh a- ( І-^ -З) -α-Rha-
- (l->-2) -α-Rha- (l-> 
Glc-(1+6)a-Glc-
(1*2) 
-α-linked at the 
first rhamnose 
S. bovis СЗ 
(Pazur et al. 
1978) 
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A neutral polysaccharide and an acid polysaccharide (Table 
1.2.) are held in the cell wall matrix of S. bovis C3 by 
ionic bonds and secundary bond-forces like hydrogen bonds, 
because they can be isolated by mild extraction procedures 
(Pazur et al., 1978). In contrast, a covalent phosphodiester 
linkage of a neutral polysaccharide to muramic acid of the 
cell wall is found in L. acidophilus (Coyette and Ghuysen, 
1970). 
1.8.2. Exogol^saccharides 
Exopolysaccharides may form capsules, which are loose­
ly or firmly attached to the cell surface, or soluble slime-
layers at the outside of the cell wall (Fig 1.9. , Suther­
land, 1972, 1979; Sutherland and Mackenzie, 1977). The 
production of either capsules or slime is found in many 
species of Gram-positive (e.g. S. pneumonia) and Gram-nega­
tive bacteria (e.g. Klebsiella aerogenes, E. coli). 
• •.'•'.• ί Λ' Τ· - • ^  
g&taitt 











Diagramatic presentation of a bacterial cell with 
capsule and slime (Modified from Sutherland, 1972) 
Exopolysaccharides may be distinguished in homo- or 
heteropolysaccharides. The former are composed of linear 
or branched polymers of a single structural unit, mostly 
glucose or fructose (Table 1.4.) . The heteropolysaccharides 
may have repeating units of 2-6 monosaccharides. They are 
mostly acid due to the presence of uronic acid, and/or 
pyruvate or similar ketals. Other heteropolysaccharides 
without a repeating unit, also named alginates, are com­
posed of D-mannuronic acid and/or L-guluronic acid. 
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Table 1.4. 
Structure of some exopolysaccharides 
Repeating unit in the main cha in Occurrence and 
re ference 
Glc-( І + З)-a- and/or -(l-*6)-ot-
Ξ. mutans 
(Baird et al., 
1973) 
Polyfrc- (2-»-6) -0 S . salιvarlus 
(Cooper and 
Preston, 1935) 




Kenne et a l· . « 
1975) 




(Rao et al., 
1969) 
1.8.3. Functions and properties 
Polysaccharides may act as antigens (McCarty and Morse, 
1964; Krause, 1970; Sharpe, 1970; Shimohashi, 1975; Wetherell 
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and BleiweiS, 1975; Pazur and Forsberg, 1978; Pazur et al., 
1978). This property is useful in serological studies, 
where cell wall antigens are used for identification and 
classification of bacteria. Polysaccharides may be involved 
in the adherence of bacteria to surfaces. Two polysaccharides 
are involved in the attachment of S. mutans to the teeth, 
a 1,6- and a l,3-a-linked glucan polymer (Smith, 1977; Cole, 
1977). Exopolysaccharides may have a protective function 
against desiccation and against phage infection. They may 
also be important for recognition in plant-bacterial inter-
action (Sanders et al., 1978). 
1.9. Characteristics of Bifidobacterium bifidum subsp. 
pennsyIvanicum 
1.9.1. Isolation and grogerties of the_organism 
The genus Bifidobacteria, which belongs to the family 
Lactobacillaceae, is a group of Gram-positive, non-motile, 
anaerobic, asporogenous bacteria. They are distinguished 
by their characteristic fermentation pattern, forming acetate 
and lactate but not CO2 (Scardovi and Trovatelli, 1965; 
De Vries and Stouthamer, 1968; Veerkamp 1969 a and b). 
They form curved rods and rods with split ends to give the 
characteristic Y-shape, which led to the prefix "bifido". 
They are found in feces of breast-fed infants but also in 
human adult intestine, vagina, mouth and in the alimentary 
tract of various kinds of animals (Poupard et al., 1973; 
Bullen, 1976; Bullen and Tearle, 1976; Mitsuoka and Kaneuchi, 
1977). 
Bifidobacterium bifidum subsp. pennsylvanicum, pre-
viously designated as Lactobacillus blfidus var. pennsyl-
vanicus, requires human milk or certain derivatives of 
glucosamine for cell wall synthesis (Lambert et al., 1965, 
Veerkamp, 1969 a and b). Without these growth factors the 
shape of the organism is transformed to irregular branched 
forms (Click et al., 1960). This subspecies is the predomi-
nant organism in stools of breast-fed infants, but after 
8-10 days it is replaced by other strains of bifidobacteria 
(Petuelly, 1957). In stools of bottle-fed infants much 
smaller amounts of this species are found. 
Breast-fed infants are more resistant to gastero-enteri-
tis than bottle-fed infants (Rose et al., 1954). Stools of 
breast-fed infants contain a low content of enterobacteria-
ceae, streptococci and other anaerobic species, in contrast 
to bottle-fed infants, where high contents are reported 
(Bullen et al., 1977,- Mitsuoka and Kanunchi, 1977). This 
may be due to a different pH-value of the feces (Bullen et 
al., 1976, 1977). The feces of breast-fed infants contain ace-
tic acid as the main organic acid, which forms a low pH buffer 
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(pH 5.1-5.4), while bottle-fed infants have stools with 
a relatively higher pH value. 
1 .9.21_The_cel1 envelope 
В. bifidum subsp. pennsylvanicum can be cultivated 
on a Morris medium ( N o m s et al., 1950) to which 2% defat­
ted human milk is added (Gyorgy and Rose, 1955). The cyto­
plasmic membrane of this organism contains about 70% protein 
and 8% lipid material (Exterkate, 1970). The composition 
of the fatty acids in the membrane of cells grown with and 
without human milk was analysed by Veerkamp (1970, 1971 a, 
1977 a ) . The composition of the membrane lipids was first 
studied by Exterkate et al. (1969, 1970). The structure 
of the two major phosphogalactolipids were identified as 
3-0-(6'- (sn-glycero-1-phosphoryl)-B-D-galacto-furanosyl) -
sn-1 ,2 diacylglycerol and its lysoderivative (Veerkamp and 
Van Schaik, 1974; Van Schaik, 1974). The structure and bio­
synthesis of the galactolipids (Veerkamp, 1974,1976) and 
the synthesis of the phosphogalactolipids and diphospha-
tidyIglycerol were also studied (Van Schaik and Veerkamp, 
1975). The phosphogalactolipids are formed by transfer of 
the sn-glycerol l-phosphate unit from phosphatidyl glycerol 
to the (acylated) monogalactosy1 diacyIglycerols (Veerkamp, 
1976 a ) . The effect of antibiotics and nutrient depletion 
on the cell envelope, especially the membrane, was inves­
tigated by Molenkamp (1975). During normal growth and in­
hibition of protein synthesis no turnover of membrane pro­
tein occurs, but during inhibition of cell wall synthesis 
a slight protein turnover is detected. Upon inhibition of 
protein synthesis the lipid-galactose content of the cells 
increases significantly, while upon inhibition of peptido-
glycan synthesis the lipid-phosphorus content tends to in­
crease. Although phospholipids and glycolipids are secreted 
during inhibition of peptidoglycan synthesis, the lipid 
content does not decrease, suggesting that lipids are being 
replaced or synthesized in excess (Molenkamp and Veerkamp, 
1976) . 
The chemical composition of the cell wall of В bifidum 
was reported by Veerkamp et al. (1965). The isolated cell 
wall contains in addition to peptidoglycan components and 
some protein, glucose and rhamnose as m a m sugars. The de­
tection of glycerol and phosphate suggested the presence 
of a teichoic acid. The structure of the cell wall peptido­
glycan was elucidated by Veerkamp (1971 b ) . The peptido­
glycan contains a tetrapeptide, linked to muramic acid, 
composed of Na-L-alanyΙ-γ-D-isoglutamy1-L-ornithyl-D-alanine. 
The cross-linking of adjacent tetrapeptides is obtained 
by a bridge composed of serylasparagine between the 6-amino-
group of ornithine and the carboxyIgroup of the C-terminal 





9^3. Aim 2Î_0!i£_i5ïêSÎè2ê£i0S 
Studies of the cell envelope of В. bxfidum subsp. penn-
sylvamcum may give a better insight in composition, mole­
cular architecture and regulatory properties of this complex 
structure. Much information has been gathered on the compo­
sition of the cytoplasmic membrane under normal conditions 
and the effects of growth inhibition. The structure of the 
cell wall has been studied only partially. Only the overall 
chemical composition (Veerkamp et al., 1965) and the struc­
ture of the peptidoglycan (Veerkamp, 1971) are known. Not 
known is whether other polymers, like polysaccharides, tei-
choic acids, teichuronic acids or proteins, are present and 
how these polymers are composed and arranged Ín the cell 
wall. The occurrence of a lipoteichoic acid in the cell 
envelope also warrants investigation. 
The results of our studie on the cell wall of В. bifi-
dum subsp. pennsylvanicum are presented in five chapters. 
First a general description of the isolated cell wall and 
the cell wall fractions is given in Chapter 3. Chapter 4 
deals with the structure of a glycogen-like polysaccharide, 
probably of cellular origin, which is found in the isolated 
cell wall. Studies of the structure of two polysaccharide 
components, a glucosylated rhamnosan and an acid mannose 
phosphate tetramer and of their interrelationship are des­
cribed in Chapters 5 and 6. The isolation and analysis of 
a lipoteichoic acid is presented in Chapter 7. 
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2. MATERIALS AND METHODS 
In this chapter the generally used materials and 
methods are presented. The materials and methods specific 
for each part of our study are given in the second para­
graph of the particular chapter. 
2.1. Materials 
All common chemicals were analytical grade (Merck, 
Darmstadt, F.R.G.). Enzymes were purchased from Boehringer 
(Mannheim, F.R.G.), except for alkaline phosphatase 
(EC 3.1.3.1.) which was obtained from Sigma (St Louis, Mo,, 
U.S.A.). 
Special reagents and materials are listed together with 
the suppliers: 
Reference substances amylose, glycogen, starch and the 
sugars D-(+)-galactose, D-(+)-glucose, meso-erythrose 
and glycerol: Merck. 
D-(+)-mannose, L-(+)-rhamnose: British Drug Houses LTD 
(Poole, England). 
D-(+)-glucosamine-hydrochloride: Fluka (Buchs, Switzerland). 
L-norleucine : Koch-Light, Cohn Brook (Bucks, England). 
Dowex-50W: Fluka. 
Aquasol: New England Nuclear (Dreieichenhain, F.R.G.). 
Column materials, Octyl Sepharose CL-4B, Sepharose 6B and 
Sephadex LH-20 were obtained from Pharmacia (Uppsala, 
Sweden) and Bio-Gel P100 from Bio-Rad Laboratories 
(Richmond, Calif., U.S.A.). 
Column materials for gas liquid chromatography, 3% ECNSS-M, 
OV 225, and OS 138 were obtained from Applied Science 
Laboratories Inc. (State College, PA., U.S.A.). 
2.2. Cultivation of the organism. 
The organism was cultivated at 37 0C for 16 h, except 
otherwise indicated, on a medium containing 2% human milk 
( N o m s , 1950, Table 2.1.). The pH of the medium dropped 
from 6.8 to 5.0 (+ 0.2), the absorbance (550 nm) of the 
culture was 3.0 (± 0.5) and the yield of wet cells 
5-7 g/1. When P^ was included in the medium (1.0 mCi/1), 
the potassium phosphate concentration of the medium was 
lowered from 2.5 to 0.25 g/1. 
The interrelationship of the various cell wall fractions, 
which were isolated, is given in Fig 2.1. The detailed 
procedures for cell walls are described in section 2.3., 
for fraction Ρ and fraction S in section 2.4., for frac­
tion R in section 6.2., and for lipoteichoic acid in sec­
tion 7.2.1. 
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Fig 2.1. Isolation of cell walls, solubilized cell wall fractions 
R and S, unsoluble fraction Ρ and lipoteichoic acid (LTA). 
More detailed information is given in the text and in section 7.2.1. 
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2.3. I s о 1ation of cell wall material. 
Bacterxa were collected from two 10 1-batch cultures 
by an airdnven centrifuge (Sharpies) and washed twice 
with buffer (0.1 M phosphate, 0.01 M MgCl 2, p_H 7.0; 5 ml 
buffer per g wet weight). All preparative procedures were 
carried out in the presence of 0.1 % sodium azide and at 
4 0C, except otherwise indicated. 
Cells (100 g wet weighty were suspended in 600 ml 
buffer and after addition of 600 ml chloroform and 1670 ml 
methanol were stirred for 1 h at 20°C. The cell residues 
obtained after filtration were extracted once more with 
300 ml chloroform-methanol (2:1, v/v) . After drying, the 
yield was 20 g cell residue. 
The cell residues were suspended in 150 ml 0.1 M phos­
phate buffer (pH 7.0), sonicated (Branson Somfier 70 W, 10 
times for 1 min) under cooling and incubated with 50 mg trypsin 
(EC 3.4.4.4.), 10 mg nbonuclease (EC 2.7.7.16.) and 3 mq 
deoxyribonuclease (EC 3.1.4.5.) for 16 h at 20 oC. The walls 
were isolated by ultracentrifugation (Beekman 65B, Ti-60 
rotor), 45 m m at 100 000 g and again incubated in 50 ml 
0.05 M acetate buffer (pH 5.5) with 24 mg nbonuclease 
and 6 mg deoxyribonuclease for 16 h at 20 C. After c e n t n -
fugation the sediment was suspended in 50 ml 0.02 M HCl 
and incubated at pH 2.0 with 50 mg pepsin (EC 3.4.4.1.) 
for 16 h at 2Z>0C. After repetition of the entire enzymatic 
procedure, washing with water and drying above P2O5, the 
yield was 2.5 g cell wall material. 
2.4. Isolation of insoluble fraction Ρ and solubilized cell 
wall fraction S. 
Cell walls (500 mg) were sonicated in 20 ml 0.05 M phos­
phate buffer (pH 7.0) and digested with 10 mg lysozyme 
(EC 3.2.1.17.) for 2 h at 37 0C. After 1 h again 5 mg 
lysozyme was added. Centrifugation at 100 000 g for 45 
min sedimented a fraction P, which was washed twice with 
H2O and lyophilized (yield about 200 mg). 
After addition of 3 mg NaCl the supernatant was incu­
bated with 200 units α-amylase (EC 3.2.1.1.) for 2 h at 
25 0C. To remove protein the solution was heated 3 m m at 
100C,C and ultracentrifugation repeated. Dialysis against 
H2O and lyophilization yielded a solubilized cell wall 
fraction S (about 200 mg). 
2.5. Isolation of solubilized cell wall fraction R. 
After isolation and washing at 20 C, the bacteria were 
carefully suspended (1 g cells/5 ml) in 0.1 M phosphate 
buffer (pH 7.0), containing 0.01 M MgCl 2 and 0.7 M sucrose, 
and incubated with lysozyme (1 mg/g wet weight) at 37 0C 
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with shaking. Digestion was controlled by microscope 
(Leitz-Wetzlar Dialux phase contrast microscope with oil-
immersion objective). 
Protoplast formation was complete Within 30-60 m m . The 
protoplasts were sedimented by centrifugation at 8 000 g 
for 20 rain at 20 С The supernatant was centrifuged once-
more, dialyzed against water and concentrated by rotary 
evaporation. 
An equal volume of 10% (w/v) trichloroacetic acid solution 
was added at 4 0C to precipitate protein. After centrifuga-
tion at 100 000 g for 1 h and dialysis, the solubilized 
cell wall fraction R was lyophilized. The yield was about 
2 g per 100 g cells. 
2.6. Analytical procedures. 
2.6.1. Hydrolysisof samples andpreparation of alditol 
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2.6^4^_Апа1у513 of alditol acetates 
Identification and quantification of sugars was perfor­
med by gas liquid chromatography and mass spectrometry. The 
following columns were used in a Packard model 428 gas Chroma­
tograph: 3% ECNSSM (on Gaschrom Q, 100-120 mesh), 3% OV 225 
(on Chromosorb WHP, 100-120 mesh). For identification of 
methylated alditol acetates 3% OS 138 (on Chromosorb GHP, 
100-120 mesh) was used. 
Combined gas chromatography-mass spectrometry was carried 
out on a OV 225 column initially in an LKB 9000 gas Chromato­
graph and later in a Pye Unicam 104 gas Chromatograph coupled 
to a V.G. Micromass LTD 7070F (Winsford, England) mass spec­
trometer equipped with a V.G. Datasystem 2040. 
Similar conditions were used for the determination of mass-
spectra as described by Janssen et al. (1976). 
2.6.5. Analysis of fatty acids 
Samples of 10 mg cell walls, fraction S, fraction Ρ and 
one mg of the isolated lipoteichoic acid were analysed for 
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fatty acid composition. After addition of 0.84 цтоі nona-
decanoic acid as internal standard, the material was metha-
nolysed in 0.5 ml hexane (freshly destilled) with 1.0 ml 14% 
(w/v) BF 3 in methanol for 10 m m at 100
oC. After cooling, 
2 ml water was added and the solution was extracted twice 
with 4 ml pentane. Gas chromatographic analysis of the 
samples was performed on a 15% DECS (on Gaschrom P,60-80 
mesh) column at 167 C. 
2.6.6. Analytical assays 
Hexosamine was determined according to Elson-Morgan 
(Boas, 1953) after hydrolysis with 2 M HCl for 2.5 h at 
100 oC. Amino acid analysis was performed after hydrolysis 
of samples (2-5 mg) in 1 ml 6 M HCl for 22 h at 100oC in 
vacuum with 0.50 μωοΐ norleucine as internal standard. 
After evaporation of HCl in vacuum above NaOH pellets, 
the sample was dissolved in citrate buffer (10.5 g citric 
acid, 11.7 g NaCl and 3.5 ml Bry per 1) until a final con­
centration of 50 nmol norleucine/ml and analysed on a 
Chromaspek (Rank Hilger, England). For muramic acid and 
glucosamine analysis hydrolyses were performed with 4 M 
HCl for 4 h at 100 С. Total hexose was determined with 
phenol-H2S04 (Dubois et al., 1956). Glucuronic acid was 
determined following the method of Bitter and Muir (1962); 
phosphate by the method of Bartlett (1959); protein accor­
ding to Lowry et al. (1951) with bovine serum albumin as 
standard. Dephosphorylation was performed with 0.5 U al­
kaline phosphatase for 3 h at 37 0C in 0.3 ml buffer (0.1 M 
Tris-HCl, 10 mM МдСІ2, pH 9.0). Afterwards the mixture 
was deiomzed by Dowex 50 H + chromatography and evaporated. 
Glucose was determined with a Glucostat test set (Boehrin-
ger), galactose with galactose dehydrogenase (EC 1.1.1.48.,-
Wallenfels and Kurtz, 1966), rhamnose according to the 
method of Dische (1955) and glycerol by gas chromatography 
or with the UV-Method (Boehnnger Test-Combination) . The 
water content of sample preparations was calculated from 
the difference in weight of samples dried in vacuo, above 
P2O5 at 20 oC and subsequently for 16 h at 60 under the 
same conditions. 
3 2 p _
c o m
p 0 u n ( j s w e r e located on paper by autoradiography 
with Kodak X-ray films (RP/P2). Radioactivity of 32P-cora-
pounds was determined in a mixture of 1-2 ml H2O and 10 ml 
Aquasol with a Packard Tri-Carb liquid scintillation coun­
ter model 3380. 
2.6.7. Chromatography_and_electroghoresis 
Paper chromatography was carried out on Whatman no 1 
or 3 MM paper in the solvent systems: A, butan(l)ol-
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acetic acid-H20 (3:1:1, by vol); B, propan(1)ol-cone. 
ammoma-H^O (6:2:1, by vol); C, pyridme-ethylacetate-acetic 
acid-I^O (5:5:1:3, by vol) and D, butan(1)ol-pyrιdine-H^O 
(6:4:3, by vol) at 20 OC for 24-48 h. 
dine-H20 (іи:1:ЬУ, by vol, pH J.b) tor ¿.i> η or in solvent 1 
0.25 M formic acid (pH 1.9) for 30-60 min at 0-4oC. 
For quantitative analysis, paper was purified with 1% acetic 
Э ^ 1 / Я V i c i f n > - £ i l i e o a c i d b e f o r e use
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3. CELL WALL AND CELL WALL FRACTIONS 
3.1. Introduction. 
Blfodobacterium blfidum subsp. pennsyIvamcum requires 
human milk or certain glucosamine derivatives for ceil wall 
synthesis (Lambert et al., 1965; Veerkamp, 1969 a ) . In the 
absence of these substances, morphological changes of the 
cell are observed (Click et al., 1960). These changes may 
be related to an alteration in composition and structure of 
the cell wall. The structure of the cell wall of B. blfidum 
is only partly known. Chemical analysis of the isolated 
cell wall was performed by Veerkamp et al. (1965), while 
the peptidoglycan structure was elucidated somewhat later 
(Veerkamp, 1971 b) 
During the initial phase of our study we isolated and 
analysed cell walls and compared the results with those 
of Veerkamp et al. (1965). When isolating the various cell 
wall polymers (e.g. neutral and acid polymers) we encountered 
the problem that the usual extraction techniques did not 
solubilize any polymer. Therefore, we used the muralytic 
enzyme lysozyme (N-acetylmuramidase), which degrades peptido­
glycan and solubilizes this macromolecule and its associated 
polymers. We examined various cell wall fractions obtained 
with this enzyme from isolated cell walls and intact cells. 
We also performed some experiments to trace the effect of 
autolysis during the isolation of bacteria. 
Antisera, directed against polysaccharides of bacterial 
cell walls, can be used for serological classification. 
(Lancefield, 1940; Krause, 1970; Sharpe, 1970) or structural 
analysis of polysaccharides (Krause, 1970; Johnson et al., 
1975 a and b; Wetherell and Bleiweis, 1975, 197B; Wicken and 
Knox, 1976; Endresen and Grov, 1976 a and b; Shimohashi and 
Mutai, 1977; Pazur and Forsberg, 197Θ). Immunisation of rab­
bits with streptococcal vaccin results in high serum concen­
tration of antibodies specifically directed to the cell wall 
polysaccharides (Mccarty and Morse, 1964, Krause, 1970). In 
this way hapten-inhibition studies can be performed to obtain 
information about the structure of the antigenic determinant 
of the polysaccharide (Wetherell and Bleiweis, 1975, 197Θ; 
Van de Rijn and Bleiweis, 1973). These antibodies may be 
directed to neutral polysaccharides, as in Streptococcus mu-
tans strain GS-5 (Wetherell and Bleiweis, 1975), or to tei-
choic acids, as in S. mutans АНТ (Van de Rijn and Bleiweis, 
1973). The results of our immunological experiments with 







 Extraction of isolated cell walls with_diluted_sul-
f u n c acid 
Isolated cell walls (200 mg) were suspended in 20 ml 
0.05 M H 2 S 0 4 and heated for 20 m m at 60
oC. After centn-
fugation at 4 0C at 20 000 g for 30 m m the residue was ex­
tracted five more times. The combined supernatants were 
centrifuged again and lyophilized after dialysis against 
water (yield 39 mg). The insoluble cell wall residue was 
dialysed and lyophilized (yield 100 mg). 
3.2.2^ Effect of α-amylase treatment 
Isolated cell walls (100 mg) were suspended by sonica-
tion in 100 ml 0.02 M phosphate buffer (containing 6 mM 
NaCl, pH 6.9) and incubated with 40 U α-amylase at 23 0C for 
16 h. After centrifugation for 1 h at 100 000 g the pellet 
was washed with water and the procedure repeated. Sugar 
composition was analysed by gas chromatography after forma­
tion of alditol acetates. 
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ndicated. Fractions of 2 ml were 
glycose (phenol-H2S04 assay; 
1955; E396 - E426). A test run 
glucose (Vt) showed that these 
raction 50 and 190, respectively. 
η three combinations. A (49-77), 
d after dialysis and control on 
d and dried above P2 05· Fractions 
(32 mg) were analysed for amino 
3.2^4. DEAE-Seghadex chromatography 
Solubilized cell wall fraction R (25mg) was loaded on 
a DEAE-Sephadex A25 column (1.6x25cm) and eluted with water. 
Fractions of 6.5 ml were collected and analysed for hexose, 
rhamnose, protein and phosphate. Only a small amount of 
hexose was eluted. The hexose-containmg fractions were 
grouped and analysed as alditol acetates. After subsequent 
elution with 1 mM NH 40H (pH 9.5) and with 0.5 M NaCl in 0.01 
M Tris-HCl (pH 8.0), the fractions were analysed for hexose, 
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phosphate and protein. The appropiate fractions were pooled 
and analysed for sugar composition and amino acids. 
3.2.5._AutolYsis_of_B. bifidum 
The effect of autolysis was investigated by isolating 
bacteria from a 16 h culture by centnfugation. Half of the 
cells was isolated at 20 oC and washed with 0.25 M МдСІ2 at 
20 oC. The other half of the cells was isolated at 4 0C and 
washed with 0.1 M phosphate (pH 6.8, 0.01 M МдСІг). 
The cells were resuspended in four different buffers: 0.1 M 
sodium-acetate buffer (pH 5.0); phosphate buffer (0.1 M, 
0.01 M МдСІ2, pH 6.θ), phosphate buffer (0.1 M, pH 8.0) and 
phosphate buffer (0.1 M, 0.01 M EDTA, pH 6.8). The suspen­
sions were incubated at 37 0C. The decrease of the 550 nm 
absorbance of the cell suspension was taken as a measure 
for bacterial autolysis. 
3.2.6._Pregaration of antisera 
Three vaccins were prepared. The first vaccin was com­
posed of formalin-killed bacteria suspended in saline (10 mg 
dry cells/ml). Bacteria of an 800 ml-culture (16 h at 37 0C) 
were pelleted by centnf ugation and washed with saline. The 
cells were incubated in 67 mM formaldehyde for 4 h at 20 oC. 
After washing with saline, the cells were suspended in 200 
ml saline and stored at -20 oC. These bacteria did not grow 
in fresh media either with or without human milk, indicating 
that no viable bacteria were present. The second vaccin was 
composed of isolated cell walls in saline (4 mg/ml) and the 
third of solubilized cell wall fraction S in saline (5 mg/ml). 
Antisera were prepared by means of the immunisation scheme 
of Emdur et al. (1974). Three New Zealand white rabbits were 
injected intramuscularly with 0.25 ml vaccin. After five days 
0.25 ml vaccin was injected intravenously, followed by 0.25 
ml subcutanously every three days. The subcutaneous injections 
were repeated five to eight times. The antibody production 
was checked at seven an ten days after the last injection and 
then every week. This injection sequence was repeated eight 
times a year. In the last four injection sequences 0.25 ml 
Freund complete adjuvant was mixed with 0.25 ml vaccin and 
injected intramuscularly. 
3.2.7^_Immunoelectrophoresis 
Slides for counter-immunoelectrophoresis were prepared 
by pipetting a melted solution of 1.3% agar (Agar-agar, Noble, 
Difco) in 0.04 M Veronal buffer (pH Θ.0) on a microscope 
slide until a 2 mm layer was obtained. The slides were allowed 
to harden in a moist chamber until they were used. Troughs 
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were cut immediately before use and then filled with 8 ul 
appropriate antigen solution (2 or 10 mg solubilized cell 
wall fraction S per ml saline) or θ μΐ antiserum. 
Electrophoresis was performed for 1 h at 10 V/cm with a 
constant current of 20 mA. 
Slides for Immunoelectrophoresis were prepared by basical­
ly the same techniques as above. Two pi antigen solution 
was added to the wells and the slides were subjected to 
electrophoresis for 2 h. Finally the troughs were filled 
with 8 Ul antiserum and the slides were incubated for 24 h 
at room temperature. 
3.3. RESULTS 
3.3.1. Analysis of isolated cell walls 
phase and the early stationary phase. 
The overall composition of the isolated cell wall did not 
change during growth, except for a slight increase of the 
glucose content (Table 3.2.). 
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Table 3.1. 
Quantitative composition of cell wall and cell wall fractions 
of B. bifidum 











0.07 + 0.01 
0.14 + 0.06 
0.09 + 0.03 
0.23 + 0.11 
<0.01 <0.01 












































































































































































































































































































































































































Values (in gmol/mg or as percents of dry weight) are means + SD. 
The number of preparations analysed are given in parentheses. 
In calculating the recovery molecular weigits are corrected for 
H 70 lost in condensation to polymers. 
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5 10 '5 
time (mm) 
Fig 3.1. 
Gas chromatographic pattern of alditol acetates of the 
neutral sugars from solubilized cell wall fraction R. 
Column 3% ECNSS-M; 190 oC. Xylose (Xyl) was used as inter­
nal standard. 
3.3.2. Preparation and analysis of cell_wall_fractions 
Various attempts were made to separate and isolate the 
various cell wall components. Extraction of the cell wall 
with 10% trichloroacetic acid for 24 h at 4 С solubilized 
only 1% of the material. Extraction with this acid for 16 h 
at 37 С (Diaz-Mauriño and Perkins, 1974; White and Gilvarg, 
1977) resulted in a soluble fraction, which contained mainly 
glucose but also other hexoses and peptidoglycan components 
(Table 3.3.). 
We extracted cell wall polysaccharides from isolated 
cell walls of B. bifidum with diluted Η-SO according to 
the method of Knox and Holmwood (196Θ). The results (Table 
3.3.) show that with this extraction a large amount of glu­
cose and only a small amount of rharanose is removed from the 
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Table 3.2. 
Effect of culture age on composition of cell wall fraction R 
9 h 12 h 15 h 18 h 16 h 
Compo­
nent 
Mannose 0.38 +0.02 0.36 +0.02 0.36 +0.02 0.37 +0.04 0.45 +0.09 
Galactose 0.11 +0.02 0.12 +0.01 0.12 +0.01 0.13 +0.02 0.15 +0.03 
Glucose 0.88 +0.06 0.85 +0.02 0.90 +0.01 0.89 +0.06 0.78 +0.10 
Rhamnose 1.69 +0.02 1.76 +0.03 1.69 +0.06 1.72 +0.07 1.55 +0.14 
Phosphate 0.36 +0.03 0.33 +0.01 0.35 +0.01 0.35 +0.01 0.47 +0.13 
Aspartic 0.36 +0.01 0.34 +0.01 0.32 +0.04 0.33 +0.03 0.32 +0.05 
acid 
Serine 0.25 +0.01 0.26 +0.02 0.23 +0.01 0.23 +0.02 0.28 +0.03 
Glutamic 0.33 +0.01 0.33 +0.01 0.30 +0.01 0.31 +0.04 0.32 +0.06 
acid 
Alanine 0.65 +0.03 0.60 +0.03 0.57 +0.01 0.57 +0.07 0.56 +0.07 
Ornithine 0.35 +0.01 0.34 +0.02 0.32 +0.04 0.33 +0.04 0.34 +0.02 
Glucosa- 0.27 +0.02 0.27 +0.02 0.25 +0.01 0.27 +0.02 0.22 +0.05 
mine 
Muramic 0.22 +0.03 0.23 +0.02 0.20 +0.02 0.20 +0.01 0.17 +0.03 
acid 
Values represent means + S.D. for three cultures and are 
expressed in ymol/mg dry weight. For comparison the values 
of 6-7 16 h-cultures are given in the last column. 
isolated cell walls. The insoluble residue still contains 
a large quantity of rhamnose and glucose in a ratio of about 
2:1. In isolated cell walls more glucose is present than 
rhamnose, but after α-amylase treatment the amount of rhamnose 
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Table 3.3. 
Effect of I^SO^-extraction of isolated cell walls_of 
В. bifidum. 
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Isolated cell walls (200 mg) were extracted six times 
with 0.05 M H2S0 4 for 20 m m at 60
OC. The combination 
of solubilized fractions and insoluble residue were 
dialysed and freezedned. Yield were 39 and 100 mg, 
respectively. Values are expressed in μηοΐ/mg dry 
weight. 
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Table 3.4. 
Effect of α-amylase on_the_comgosition of cell walls of 
В. bifidum. 
Treatment Rhamnose Glucose Galactose 
None 1.17 + 0 . 3 4 ( 3 2 ) 1 .67 + 0 . 6 2 (30) 0 . 1 2 + 0 . 0 4 ( 2 2 ) 
α-Amylase 1.38 +0.10 ( 4) 0.65 +0.09 ( 4) 0.13 +0.07 ( 4) 
Values (in pmol/mg) are means + SD for the number of prepara­
tions given in parentheses, 
by sonication and enzymatic treatment, the membrane fraction 
and fraction Ρ contain a glucose polymer of intracellular 
origin. Hexoses in the solubilized cell wall fractions S and 
R account for 45% and 50%, respectively, of the dry weight. 
Both fractions contain rhamnose, glucose and mannose in a 
molar ratio of about 4:2:1. Fraction S, isolated from cell 
walls, still contains minor amounts of protein and glycerol, 
while these components were hardly detectable in fraction R. 
In fraction R the phosphate content was equal to the mannose 
content. In fraction S a higher phosphate content was present, 
which may originate from phosphate buffer not completely remo­
ved during dialysis. The nucleic acid content was less than 
0.4%, as determined from the 260 mm absorbance. Since the 
composition of fractions S and R appeared to be nearly similar, 
all further analyses on solubilized cell wall fractions were 
performed on fraction R, unless otherwise indicated. 
3.3.3. Homogeneity of solubilized cell wall fractions 
Two experiments were performed to investigate the homo­
geneity of the solubilized cell wall fractions and to separate 
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solubilized components possibly present. A Bio-Gel PlOO 
filtration of cell wall fraction R yielded a separation in 
three fractions (Fig 3.2. ). Analysis of glucose, rhamnose, 
mannose and galactose showed about the same ratio in the 
three fractions as in the original material. On the other 
hand, in the low molecular weight fractions, a decrease of 
the peptidoglycan components was measured (Table 3.5.). 
Simular results were obtained with solubilized cell wall 
fraction S. 
In the second experiment solubilized cell wall fraction 
R was loaded on a DEAE-Sephadex A25 column. Elution with 
20 40 ' 60 â 0 100 120 140 160 ISO 
v 0 fraelion nr 
Fig 3.2. 
Bio-Gel P100 filtration of fraction R. Solubilized cell 
wall fraction R (130 mg) was loaded on a Bio-Gel P100 
column (2.5x90cm) and eluted with 0.02 M NaCl. Fractions 
of 2 ml were collected and analysed for rhamnose (Ej = 
E396 _ E426) and total hexose (phenol-H2S04, Ej = E486)· 
Fractions A (nrs 49-77), В (nrs 78-93) and С (nrs 94-140) 
were pooled, dialyzed against water and analysed for amino 
acids and neutral sugars (as alditol acetates). Blue dex-
tran (V0) and glucose (Vt) elute at fraction numbers 50 


































































Values are expressed in Umol/mg dry weight. 
water produced a small fraction containing some galactose 
and glucose in a ratio of 5:1. No components were eluted 
with 1 mM NH4OH (pH 9.5). With 0.5 M NaCl (in 0.01 M Tris-
HC1, pH 8.0) nearly the complete cell wall fraction R was 
obtained, as could be concluded from amino acid and sugar 
analysis. 
3.3.4. Autolysis experiments 
Incubation of cells at 37 С m buffer produced within 
30-60 min maximally 15% autolysis. The pH value of the buffer 
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had a small effect (Table 3.6.), but at pH 5.0 the cells 
were somewhat more stable than at higher pH values.Ad­
dition of EDTA, which removes metal ions like Mg^ +, re­
tards autolysis slightly. 
Washing the cells with 0.25 M МдСІ2 at 20 oC, which 
retains the cation composition, or with cold phosphate buffer 
which results in a large K +-efflux and Na +-influx (Veerkamp, 
1977 b ) , did not influence the autolysis process. 
3.3.5. Immunological experiments 
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3.4. Discussion 
In previous studies on cell walls of B. bifidum subsp. 
pennsyIvamcum a higher galactose but a lower glucose con­
tent was found (Veerkamp et al., 1965), but at most only 
traces of mannose in this or other Bifidobacterium strains 
(Veerkamp et al., 1965; Cummins and Glendenning, 1957; 
Kojima et al., 1970). The difference in the galactose 
value may be caused by the aspecific hexose assay earlier 
applied and by the additional chloroform-methanol extraction 
in our purification procedure of cell walls, which removes 
the galactolipids. 
Intracellular glycogen may be present in varying amounts 
as a contamination in the cell wall. The presence of mannose 
in the cell wall can easily be overlooked, because only de-
phosphorylation will yield mannose, which is still hardly 
detectable by paper chromatography. Moreover after hydroly­
sis with H-SO^, removal of sulphate ions by precipitation 
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Cell were washed at 4 0C with 0.1 M phosphate (pH 6.8) 
or at 20 oC with 0.25 M MgCl 2 and incubated at 37
0C m 
four different buffers. The 500 nm absorbance at t = 0 
(about 1.5) was arbitrarily set at 100%. Values are 
given m percents of the imtal value. 
In the cell wall of B. bifidum neutral sugars and amino-
sugars are present (Table 3.1.) , but no uromc acids. There­
fore teichuronic acids, which contain u r o m c acids, are not 
likely to be present. The high level of phosphate suggests 
the presence of a teichoic acid, but this component appeared 
mainly to be present in a mannose phosphate tetramer 
(Chapter 6 ) . 
The total recovery of the cell wall components is in the 
same range as found for cell walls of other Gram-positive 
bacteria (Coyette and Ghuyssen, 1970; Warth and Strominger, 
1971; Hughes, 1971; Wetherell and Bleiweis, 1975; Bleiweis 
et al., 1976) when the molecular weights used are corrected 
for water loss upon condensation to polymers. 
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The non-peptidoglycan amino acids could not be removed 
completely by enzymatic purification of the cell wall. They 
may represent residues of membrane proteins, because they were 
hardly present in fraction R. The Lowry protein assay gives 
falsely high results, which may be due to a contribution from 
the peptide bonds of peptidoalycan (Doyle et al., 1977). In 
В. subtilis (Doyle et al., 1977; Brown et al., 1976) and 
В. megaterium (White and Gilvarg, 1977) some protein was 
found, which was covalently bound to the cell wall. 
Extraction with 10% TCA for 24 h at 4 С usually results 
in solubilization of most or all of the teichoic acids 
(Archibald et al., 1968, 1971; Archibald and Stafford, 1972; 
Duckworth, 1977). Neutral polysaccharides may also be extracte 
(Pazur et al., 1973, 197Θ; Pazur and Forsberg, 197Θ). This 
treatment solubilized amounts of 15-40% of the dry cell wall 
weight, depending on the species. However only about 1% dry 
weight was solubilized from the cell walls of B. bifidum. 
Extraction with 10% TCA for 16 h at 37 0C resulted in solubili­
zation of an acid polysaccharide in species of Corynebacterium 
(Diaz-Maurino and Perkins, 1974), but no solubilization was 
obtained with B. megaterium (Ivatt and Gilvarg, 1977). From 
B. bifidum cell wall we solubilized 24% in a fraction, which 
contained all cell wall components and which may result from 
cell wall degradation. 
Other techniques like formamide extraction (15 m m at 
150 OC; Perkins, 1963) or boiling with acid are relatively 
drastic and may cause hydrolysis of labile bonds. In addition, 
formamide may formylate free hydroxyIgroups (Work, 1963). 
We tried to extract cell wall polysaccharides according to 
the relatively mild extraction technique of Knox and Holmwood 
(1968). In L. fermenti all polysaccharide was extracted after 
treatment with 0.05 M І^БОд for 4 h at 60 OC and already 70-80% 
was solubilized after 2 h extraction. Extraction of isolated 
cell walls of B. bifidum gave only partial solubilization of 
the polysaccharides. The main sugar in the solubilized frac­
tion was glucose, while the insoluble residue still contains a 
large amount of rhamnose and glucose in a ratio of 2:1. 
Since α-amylase lowered the glucose content of isolated 
cell walls, chains of (l->-4) α-linked glucose must be present, 
suggesting the presence of a glycogen-like polymer (See 
Chapter 4) . 
We used lysozyme with good success for the solubilization 
of cell walls from intact bacteria, but also for the prepara­
tion of a soluble cell wall fraction from isolated cell walls. 
Analysis of isolated membranes and of fraction Ρ show that all 
peptidoglycan is solubilized, together with all rhamnose and 
mannose. Hence polymers containing these components are solubi 
lized by lysozyme treatment. 
Lysozyme did not remove specific polymers from the peptido 
glycan-matrix, as can be concluded from the results of Bio-Gel 
P100 and DEAE-Sephadex filtration. Bio-Gel filtration resulted 
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4. ANALYSIS OF A CELL WALL FRACTION RESISTANT TO 
LYSOZYME 
4.1. Introduction 
In Chapter 3 we have seen that glucose is the main 
sugar component of the isolated cell walls of B. bifidum 
(Table 3.1.) . Part of these glucose molecules can be solu-
bilized with lysozyme and appear to be linked to rhamnose 
(Chapter 5 ) . The other part of the glucose molecules forms 
about 50% of the dry weight of the insoluble fraction P. 
This fraction contains no rhamnose, mannose or hexosamine. 
The presence of galactose, glycerol, phosphate, fatty acids 
and part of glucose can be explained by assuming the pre­
sence of insoluble lipoteichoic acid (Chapter 7 ) . 
The glucose-containing polymer(s) of fraction Ρ may 
form a part of the bacterial cell wall, but may also ori­
ginate from the cellular cytoplasm. Glycogen can be present 
in bacterial cells (Berman et al., 1967; Boylen and Plate, 
1973; Krebs and Preiss, 1975; Preiss, 197Θ) and may conta­
minate the isolated cell wall. We established the presence 
of this polymer with several techniques: amylase treatment, 
periodate oxidation and methylation analysis. In order to 
demonstrate that glycogen may be synthesized in В. bifidum, 
we performed incorporation experiments with nucleotide-acti-
vated glucose. 
4.2. Materials and methods 
UDP- Cu- 1 4 cJ glucose and ADP- |_и- 14cJ glucose were obtained 
from the Radiochemical Centre, Amersham, England, UDP-glucose 
and ADP-glucose from Boehringer, Mannheim, F.R.G.. 
4.2^2^ a-Am^lase treatment 
Fraction Ρ (100 mg) was sonicated in 5 ml phosphate 
buffer (20 mM, 6 mM NaCl, pH 7.0). After addition of 300 U 
α-amylase and 0.2% sodium azide the solution was incubated 
for 16 h at 37 0C. Centrifugation at 100 000 g for 60 min 
resulted in a pellet of an undigested fraction P2. The 
presence of maltose in the supernatant was investigated 
with paper chromatography in solvent G. The pellet was trea­
ted once more with α-amylase, which again liberated maltose. 
4.2.3. Assay of transglucosylation_activity 
Cells from a 800 ml culture (for 13 h at 370C,- 4,9 g 
wet weight) were washed with a Tris-HCl buffer (50 mM, 10 
mM MgCl2, 1 mM EDTA, 5 mM cysteine, pH 7.4). The cells were 
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suspended in 20 ml buffer and incubated with 10 mg lyso-
zyme and about 1 mg DNAse for 45 m m at 37 0C. After centn-
fugation (20 m m at 20 000 g) the precipitate was washed and 
resuspended in 15 ml buffer. 
For incubation experiments the following concentrations 
were used: 35 mM Tris-HCl (pH 7.4), 0.5 mM EDTA, 25 mM HCl, 
5 mM glutathione, 0.05% serum albumin, 136 μΜ ADP-glucose 
(1 pCi/pmol), 5 mM Mg2 +, 2.5 mM cysteine, 1.25 mg glycogen 
and 250 μΐ supernatant in a final volume of 0.55 ml. After 
90 min at 37 0C the reaction was stopped by addition of 4 ml 
75% methanol (with 1% KCl). After centrifugation the pellet 
was washed three times with 4 ml methanol-KCl and finally 
dissolved in 5 ml water. Radioactivity was measured in a 
0.5 ml sample, to which 10 ml Aquasol was added. 
The product was identified by amylase treatment in 
the following way. To 9 ml of the solution, obtained after 
incubation of cell supernatant with 136 μΜ ADP-^ 4clglucose, 
9 ml of 60% KOH was added. After 20 min in a water bath 
at 100 oC 22.5 ml ethanol was added and heated for a short 
time, cooled and centrifuged. The pellet was dissolved in 
5 ml water and after addition of 12.5 ml ethanol centrifuged. 
The pellet was dissolved in 2 ml water and used for two 
experiments. For analysis of the sugars present in this 
fraction, 1 ml was hydrolysed with 2 M HCl for 2 h at 100oC 
and the acid was evaporated with repeated addition of water. 
The other 1 ml of the solution was treated in 1 ml phosphate 
buffer (50 mM, 6 mM NaCl, 0.2% sodium azide, pH 7.0) with 
5 units α-amylase for 16 h at 37 0C. After addition of 6 ml 
methanol the supernatant was evaporated and desalted over 
Dowex-1 and Dowex-50 columns. Samples of both solutions 
were subjected to paper chromatography (with maltose and 
glucose as referents) in solvent D for 16 h and after dry­
ing again for 24 h. 
4.3. Results 
4.3.1. Structural analysis of fraction_P 
Incubation of fraction Ρ with α-amylase liberated 
maltose as shown by paper chromatography. It lowered the 
glucose concentration of the insoluble fraction from 3.4 
μπιοΐ/π^ to 2.4 μιηοΐ/π^ after the first treatment and to 
about 2.0 μπιοΐ/π^ after the second treatment. Therefore, 
at least part of the glucose molecules in fraction Ρ is 
(1-M) α-linked. As the solubility of fraction Ρ after a-
amylase incubation may change and the increasing electro­
static character decrease the accuracy of the glucose 
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7 + 4 
2 + 1 
1 + 1 
5 + 4 
21 + 4 
50 + 10 
4 + 1 
12 + 1 
Relative retention times (Rt) and areas were 
determined on OV 225 at 195 0C. The area of 
2,3,6-Мез-1,4,5-AC3-glucitol was arbitrarily 
set at 100. The number of experiments is given 
in parentheses. 
Fraction P, before and after α-amylase treatment, was 
subjected to a methylation analysis, following the method 
described in section 2.6.2. Amylose, starch and glycogen 
were analysed as reference substances. The methylation of 
fraction Ρ was complete, sincp there was no absorption at 
3250 cm -1 in the infrared spectrum (Fig 4.1.) . 
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Fig 4 . 1 . 
Infrared spectrum of methylated (a) and unmethylated 
(b) fraction p. 
The gas chromatographic pattern of fraction Ρ showed four 
different peaks. The identity of each peak was confirmed 
by co-chromatography with reference substances on three 
different columns and by mass spectrometry. All peaks ap­
pear to consist only of methylated glucitol acetates (Table 
4.1.). An example of the mass spectrum of 2,3,б-Меэ-1,4,5-
-Асз-glucitol is shown in Fig 4.2. In fraction Ρ the fol­
lowing glucose molecules are present: (l->-4) chain forming 
glucose (2,3,6-Ke3-l,4,5-hCj-glucitol), terminal glucose 
(2,3,4,6-Me4-l,5-Ac2-glucitol) and a 1,4 , 6-branched glucose 
molecule (2,З-Мег-1,4,5,6-Ac2-glucitol) in a ratio of about 
5:1:1 and a minor amount of 1 ,3,4-branched glucose (2,6-
-Me2-1,3,4,5-Ac4-glucitol). The former three components 
are also present in fraction Ρ after α-amylase treatment, 
but in a different ratio (2:1:1). 
Further information about the linkage of the glucose 
molecules in fraction Ρ is obtained from periodate oxida­
tion experiments. After oxidation with periodate at 4°c for 
16 h, reduction and acid hydrolysis, the products were ana­
lysed as alditol acetates. Oxidation with a 0.1 M periodate 
solution at 20 oC did not give reproducible results. With 
0.05 M periodate the gas chromatographic pattern showed 
the presence of the acetates of glycerol, erythrytol and 
glucitol in a molar ratio of about 1:5:1. Galactitol was 
also detected, but only in an amount of about 5% of that 
of glucitol; it may originate from the lipoteichoic acid 
(Chapter 7 ) . 
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Mass spectrum and fragmentation pattern of the partial-
ly methylated alditol acetate 2,3,6-tri-O-methyl-1,4,5, 
-tri-O-acetyl-hexitol (e.g. 2,3,6-Me 3 -1,4,5-Асз-д1исі-
tol). Abscis, mass number (m/e); ordinate, percent 
of intensity of the highest peak. The primary frag­
ments (45, 161, 177 and 233) and some secundary frag­
ments are shown. 
4.3.2. Transglucosylation activity 
The cell supernatant and the membrane fraction obtained 
after lysozyme treatment were tested for their capacity to 
Г14~І incorporate ADP- or UDP-(_ CJglucose. Incorporation into a 
methanol-insoluble polymer was only obtained in marked 
amounts with the supernatant and ADP-glucose in the pre­
sence of glycogen. Under these conditions an amount of 
1.5 +_ 0.5 nmol ADP-glucose per mg protein was incorporated 
in 90 min at 37 0C (mean jf S.D. of 6 experiments) . Fig 
4.3. shows the results of a representative experiment 
with varying ADP-glucose concentrations. Five mg samples 
of mono- or disaccharides (galactose, lactose, saccharose, 
maltose) in stead of 1.25 mg glycogen gave only a slight 
or no stimulation. The synthesized glucose polymer was 
identified as glycogen by means of the isolation technique 
with KOH, commonly used for glycogen. The isolated poly-
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mer contained only glucose, as was established with paper 
chromatography after acid hydrolysis. The 1^С-ІаЪеled 
glucose molecules were, at least partly, (1-M )α-linked, 
because α-amylase digested the polymer. Paper chromato­
graphy of the digested fraction resulted in radioactivity 
at the start (58 dpm), at the maltose position (3485 dpm) 
and at the glucose position (1380 dpm). From these results 
it may be concluded that B. bifidum is able to synthesize 
a glycogen-like polymer. 
nmol glucose/mg protein 
100 200 600 6 0 0 
¿jM ADP-glucose 
Fig 4.3. 
Effect of ADP-glucose concentration on transgluco-
sylation activity. 
4.4. Discussion 
The results of the incubation of fraction Ρ with α-amy­
lase lead to the conclusion that (1-+4)α-linked glucose is 
present. The results of the methylatlon analysis suggest 
that relatively short glucose chains are present. At five 
( l-»-4)-linked glucose molecules one branched and one terminal 
glucose molecule is present. A schematic structure of the 






Schematic structure of the main unit of the glucose 
polymer of fraction P. Treatment with α-amylase 
shortens the glucan chains as shown by the arrow. 
The chain-forming glucose residues are for the sake of sim­
plicity put together. More complex structures(Fig 4.5.) 
with the same ratio of glucose molecules may be composed, 
which may come closer to the real structure of the polymer. 
After treatment of fraction Ρ with α-amylase, only two 
chain-forming glucose molecules remain for each branching 
and terminal glucose molecule. 
Periodate oxidation of fraction Ρ yielded glycerol, 
erythrytol and glucitol in a molar ratio of 1:5:1. These 
results agree, at least partly, with the model. Glycerol 
may originate from the terminal glucose residue, while the 
five molecules of erythrytol may originate from the five 
chain-forming glucose molecules (See Fig 4.4.). The pre­
sence of glucitol may be explained by incomplete oxidation 
of the branched glucose molecule under our mild periodate 
oxidation conditions (0.05 M, 4 0 C ) . We chose these condi­
tions, because oxidation with 0.1 M periodate resulted in 
irreproducible results. 
The results of methylation analysis (Table 4.1.) suggest 
an average chain length for liver glycogen of about 9 glu­
cose molecules, as compared to the 10-15 glucose molecules 
reported by Evans et al. (1976) . The structure of the glu-
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Fig 4.5. 
Possible structures of the average repeating unit of 
the glucose polymer in В. bifidum• 
D-glucose molecules ( · ) are terminal (—·) , (l-4)-a-
-linked (—·—) or 1,4,6-branched (—i—) and arranged so 
as to yield a molar ratio of 1:5:1. 
cose polymer of fraction Ρ seems to be more branched than 
animal glycogen or amylopectine. Such a compact structure 
is also found in the extracellular glucans of S • mutans 
(Hase et al., 197Θ). These glucans are composed of ( l-*3 ) -ci­
anci (l-^б)-α-linked glucose, 1,3,6-branched glucose and 
terminal linked glucose. In S. mutans soluble and insoluble 
glucans are present. The solubility of the glycan decreases 
when more (l-*3)a-linked glucose is present (Tsumaraya and 
Misaki, 1979). The average repeating unit of the insoluble 
glucan of S. mutans OMZ 176 (Hase et al., 197Θ) is composed 
of chain-forming glucose, terminal glucose and 1,3,6-bran­
ched glucose molecules m a ratio of about 6:1:1, which 
resembles ours. Our structure differs, however, from this 
extracellular polymer, since no (І-^ЗІа- and ( l->-6 ) a-linked 
glucose is present, but only (l-MJa-linked glucose. 
Electron microscopy of B. bifidum, stained with uranyl 
acetate or lead acetate, showed no glycogen particles (Mo-
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lenkamp, 1975). However, bacterial glycogen granules appear 
to stain only very weakly with uranyl and lead salts, in 
contrast to glycogen particles in various animal tissues 
(DiPersio et al., 1974). Therefore, glycogen might still 
be present in the cytoplasm of В. bifidum. In order to 
demonstrate that glycogen could form a component of the 
cytoplasm, we tried to detect glycogen-synthezing activity 
in the cell sap of B. bifidum. The presence of a transglu-
cosylase could be established with ADP-[*^cjglucose and 
glycogen, because ( 1-M )α-bound [ cjglucose was found in 
the methanol-insoluble polymer. Greenberg and Preiss (1965) 
found also that in Arthrobacter species NRRL В 1973, ADP-
glucose but not UDP-glucose results in incorporation of glu­
cose, when glycogen is used as primer. 
Our results indicate that the glucose polymer of frac­
tion Ρ is bacterial glycogen and that it forms a contami­
nation of the isolated cell walls. 
4.5. Summary 
Incubation of isolated cell walls with lysozyme results 
in an insoluble cell wall residue, which contains mainly 
glucose. The structure of this glucose polymer was eluci­
dated as a compact amylopectine. As transglucosylation 
activity was demonstrated in the cell sap of В. Ьіfidum, 
this glycogen-like molecule is probably not a component 
of the cell wall, but a contamination from cellular origin. 
56 
5. STRUCTURE OF Λ GLÜCOSYLATED RHAMNOSE POLYMER 
5.1. Introduction 
We have demonstrated in Chapter 
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5.2. Materials and methods 
5.2.К Incubation of solubilized cell wall fraction R 
wlthglucosidases. 
Cell wall fraction R (5.35 mg, 0.ΘΘ pmol glucose/mg 
dry weight) was dissolved in 1 ml H2O. Samples of 50 yl 
were incubated with 50 μΐ buffer and 2 units glucosidase 
for 3-48 h at 20 oC. For ot-glucosidase (EC 3.2.1.20) 0.17 M 
phosphate buffer (containing 4 mM МдСІ2) was used at pH 
5.0 and for 3-glucosidase (EC 3.2.1.21.) the same buffer 
at pH 7.5. 
5.3. Results 
5.3^1^Analysisof fractions R and S 
Although rhamnose, glucose and mannose are present in a 
ratio of 4:2:1 in solubilized cell wall fractions R and S 
(Table 3.1.) , the gas chromatographic profile of the methy­
lated sugars showed only three peaks (Fig 5.1.) . Analysis 
on three different columns and mass spectrometry showed 
that rhamnose was present as two different alditol acetates, 
viz. 3 , 4-Me2-l , 2 , S-ACj-rhamnitol and 4-Me- 1 , 2 , 3 , S-Acj-rhaznni -
tol (Fig 5.2.), in nearly equal proportions (Table 5.1.). 
The second peak, with the relative retention time of 2,3,4,6-
-Me^-1,5-Ac2-glucitol, could be composed of terminal glu­
cose and/or terminal mannose, because these components have 
identical retention times. Their relative retention times 
on 3% ECNSS-M and 3% OS138 and their mass spectra are also 
similar, so no conclusive evidence was obtained. The ratio 
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of rhamnose and glucose is 1.93 in the solubilized cell 
wall fraction R. The ratio of the sum of methylated rhamnose 
compounds to tetramethyl glucose and/or tetraraethyl mannose 
is 1.85. Because these values are nearly equal and no other 
methylated alditol acetates of glucose are found, all glu-
cose may be present as terminal glucose in this fraction. 
The absence of methylated alditol acetates of mannose can 
be explained by their linkage to phosphate (Chapter 6) . 
Fig 5.1. 
Gas chromatographic pattern of partially methylated 
alditol acetates from solubilized cell wall fraction R. 
Methylation of the polysaccharide fraction was com-
plete, as can be concluded from the following observations. 
The infrared absorption peak at 3250 cm - 1, corresponding 
to free hydroxyl groups, disappeared after the methylation 
procedure (Fig 5.3.) and no non-methylated alditol acetates 
could be detected. The amount of branched sugars balanced 
the amount of terminal sugars and the ratio of rhamnose 
and glucose before and after methylation was about equal. 
Based on these results we can propose two models of a 
glucosylated rhamnosan. In Fig 5.4. the simplest structure is 
given: a chain of 1,2-linked rhamnose molecules with a glucose 
residue at the C-3 position of every second rhamnose molecule. 
Fig 5.5. shows a more complicated structure: a chain of alter-
nating 1,2/1,3-linked rhamnose molecules, while glucose is 
linked to the C-2 of the 1,3-linked rhamnose molecule. 
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Fig 5.3. 
Infrared spectrum of methylated (a) and unmethylated 
(b) cell wall fraction R. 
5.3^2^ Effect of glucosidases 
The glycosidic bond of glucose in cell wall fraction 
R was first studied by means of glucosidases. Of all glucose 
only 12% is liberated by a-glucosidase, while ß-glucosidase 




Fig 5.4 . 
Structure of the glucosylated rhamnose polymer com­
posed of -+2 ) -a-L-rhamnosyl- ( 1-+2) - {a-D-glucopyranosy 1-






Structure of the polymer composed of -*-2) -a-L-rhamno­
syl- ( l->-3) -{a-D-glucopyranosyl- Í.1 + 2) }-a-L-rhamnosyl-
- ( l-*2) -a-L-rhamnosyl- ( l->-3) -{a-D-glucopyranosyl- (l-*2) }-




Ratio_of_meth^lated alditol_acetates from solubilized 
cell wall fractions R and S 
3,4-Me2-
rhamnose 










4 9 4 + 8 
4 1 0 1 + 1 5 
1 0 0 
1 0 0 
9 1 1 3 
8 8 + 10 
Fraction R 
after CrOo-
oxidation 2 103 + 1 100 83 + 26 
Relative retention times (Rt) and areas (means + S.D.) 
were determined on an OV 225 column at 195 0C. The area 
of 2,3,4,6-Me4-1,5-Ac2-glucitol was arbitrarily set at 
100. The number of preparations is given under n. 
eight glucose molecules is split off by the first enzyme. 
We tried to achieve liberation of more glucose by increasing 
the amount of enzyme, by varying the pH value of the buffer 
and by increasing the incubation time (up to 48 h at 37 0 C ) , 
but we did not obtain more free glucose. Because phosphate 
groups in the cell wall fraction may inhibit the glucosida-
ses, we have removed these groups by alkaline hydrolysis 
(1.0 M NaOH for 1 h at 100 oC). After neutralization by Dowex-
-H +, we repeated the incubation with a-glucosidase, but 
again the same 12% of glucose was liberated. 
5.3.3._Ana 1^sis_after chromiumtrloxide oxidation 
The configuration of the rhamnose and glucose molecules 
was established by means of CrOj-oxidation of the perace-
tylated cell wall fraction R, followed by methylation ana­
lysis. We obtained the same rharanose-glucose ratio as with­
out СгОз-oxidation (Table 5.1.) . Because it has been esta­
blished that carbohydrate residues of glycans in an a-con-
figuration are not degraded by СгОз-oxidation (Hoffman et 
al., 1972; Pazur et al., 1978), these results are consistent 
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Table 5.2. 
Paper chromatograghY_of trifluoroacetic acidhydrolysates 
of solubilized cell wall fraction R 
Component glc 
Hydrolysis time 





















Start material 0.0 





Hydrolysates with 0.3 M trifluoroacetic acid for 
30, 60 and 120 min at 100oC were analysed with 
paper chromatography in solvent C. 
The main spots, detected with aniline phtalate or 
periodate Schiff, are indicated. 
with an a-conf iguration for glucose and rhamnose. After CrO-j-
oxidation of the peracetyla ted cell wall fraction R, followed 
by hydrolysis, dephosphorylation and alditol acetate formation, 
manmtol was completely absent in the gas chromatographic 
pattern, while the ratio of rhamnose to glucose remained about 
two. This result indicates that the terminal bound hexose, 
found upon methylation analysis without CrOj-oxidation (See 
5.3.1.) is glucose. 
5^3
;
4._MethYlation_anal^sis after gartial degradation^Y 
acid hYdrol^sis 
In order to discriminate between the two proposed 
models, a 1,2-linked rhamnose chain and a 1 , 2/1 ,3-linked 
rhamnose chain, we tried to remove glucose from the rham­
nose chain by mild acid hydrolysis (0.3 M trifluoroacetic 
acid for 30-120 min at 100 oC). The hydrolysates were ana-
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Table 5.3. 
Ratio of alditol_acetates_obtained after methylation 
analysis_of trifluoroacetic acid hydrolysates 
Methylated alditol acetates Hydrolysis time 
30 min 90 min 










Relative amounts of methylated alditol 
acetates of solubilized cell wall frac­
tion R after hydrolysis with 0.3 M tri-
fluoroacetic acid at 100 oC were deter­
mined on an OV 225 column at 195 0C. The 
area of 2 , 3,4,6-Me4-l ,5-AC2-glucitol is 
arbitrarily set at 1.0. 
lysed by paper chromatography and the results are presen­
ted in Table 5.2. Use of the aniline phtalate reagent clear­
ly showed the presence of glucose, but at most only traces 
of rhamnose. Use of the periodate-Schiff reagent demonstra­
ted the presence of a slowly moving component just above 
the starting position. Chemical analysis of the alditol 
acetates, prepared from the hydrolysates after 30 min or 
90 m m , showed the presence of free glucose and only slight 
amounts of free rhamnose. Therefore, it was concluded that 
at least a part of the glucose molecules was removed from 
the rhamnose chain by this method. 
Methylation analysis of this fraction may allow us to 
discriminate between the two rhamnose chain models. In the 
case of a 1,2/1,3-linked rhamnose chain, of which some glu­
cose molecules are removed, methylation analysis will result 
in a new component, 2,4-Me2-l,3,5-AC3-rhamnitol. In case 
of a 1,2-linked chain, the same methylated alditol acetates 
will be formed as without mild hydrolysis, although in other 
relative amounts. Therefore, we subjected the hydrolysates, 
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after evaporation of the trifluoroacetic wxth nitrogen, to 
raethylation analysis. The results are presented in Table 
5.3. The large amount of 2,4-Me2-1,3,5-AC3-rhamnitol 
formed do not allow conclusions about the structure, since 
this component can also originate from numerous cleavages 
of the 1,2-rhamnose chain. Since we do not know whether 
more glucose is split off from the 1,2/1,3-rhamnose chain 
or more cleavages in the 1,2-rharanose chain occur, it is 
impossible to discriminate between the two structures. 
5.4._Discussion 
We could not detect galactose or mannose in our methy-
lation analysis, except possibly for a minor terminal-man-
nose fraction, which has the same retention time as termi­
nal glucose. The phosphate group on mannose may impede methy-
lation analysis. After acid hydrolysis at least 75% of the 
mannose is present as a phosphorylated compound, and in the 
intact cell wall presumably all mannose may be phosphory-
lated. Galactose is present in an amount of only 20% of that 
of glucose and is also at least partially phosphorylated. 
Methylation analysis of the solubilized cell wall 
fraction showed the presence of a glycosylated 1,2- or 
1,2/1,3-linked rhamnose polymer. With a-glucosidase only 
12% of all glucose could be removed from the solubilized 
cell wall fraction. Stenc hindrance may explain the small 
amount of enzymatically released glucose. The enzyme may 
split off only glucose molecules at the outside of the com­
pact rhamnosan. The results of СгОз-oxidation experiments 
suggest an «-configuration of glucose, ]ust as for all the 
rhamnose molecules. 
Our effort to discriminate between the two proposed 
models failed, since the rhamnose polymer is easily destroy­
ed by acid hydrolysis. It would be important to find con­
ditions that will result in liberation of glucose molecules 
without destruction of the rhamnose chain. Methylation 
analysis after removal of glucose with Ot-glucosidase does 
not appear to be possible. A small degree of cleaving the 
1,2-linked rhamnose chain will disturb these analyses. 
Discrimination of the structures by ^-NMR spectros­
copy is not possible due to the high molecular weight of 
the solubilized cell wall fraction, since the glucosylated 
rhamnosan is linked to peptidoglycan residues. Periodate 
oxidation of the intact polymer will not discriminate either, 
since in both structures rhamnose molecules are insuscep­
tible to oxidation. 
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Rhamnose commonly occurs in cell walls of several 
species of bacilli, streptococci and lactobacilli (McCarty 
and Morse, 1964; Sharpe, 1970). In streptococci group A 
and С (Coligan et al., 1975) and in S. bovis strain С 3 
(Pazur et al., 1978) the structure of the rhamnosan is 
composed of 1,2- and 1,3-linked rhamnose units. In strepto­
cocci group A the C-3 position of the 1,2-linked rhamnose 
molecule carries N-acetyl-glucosamine, while in group С 
a N-acetyl galactosamlne disacchande is probably present 
(Coligan et al., 1975). In S. bovis strain С 3 rhamnose 
and glucose are found in a ratio of 3:2. The rhamnose poly­
mer is composed of alternating 1,2- and 1,3-linkages with 
isomaltose side-chains on every third rhamnose residue 
at the C-2 position (Pazur et al., 1978). In certain spe­
cies of S. mutans, for example strains GS-5 and B-13, rham­
nose and glucose may be present in a ratio of about 2•1 
(Bleiweis et al., 1976). From hapten inhibition studies 
Wetherell and Bleiweis (1975) concluded that in strain 
GS-5 an a-glucosyl-moiety is present. In S. mutans strain 
V-100 (Wetherell and Bleiweis, 1978) with also rhamnose 
and glucose in an approximately 2·1 molar ratio, these 
studies suggested a ß-glucosyl moiety. No information 
about the structure of the rhamnose chain of S. mutans 
is given. The relation of the glucosylated rhamnose poly-
mer and the peptidoglycan will be discussed in section 
6.3.6. 
5.5. Summary 
In the solubilized cell wall fraction the main sugars 
are rhamnose and glucose, present in a molar ratio of 2.1. 
Structural analyses presented evidence for a glucosylated 
rhamnose polymer. Two models are proposed for the molecu-
lar arrangement, an 1,2-linked rhamnose polymer with an a-
linked glucose on average at every second rhamnose, or 
an 1,2/1,3-linked rhamnose polymer with a glucose molecule 
at the C-2 of the 1,3-linked rhamnose. Experiments to dis-
criminate between these two models were unsuccessful. 
65 
6. STRUCTURE OF THE MANNOSE PHOSPHATE TETRAMER 
6.1. Introduction 
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treatment in an n 
and lipoteichoic < 
The latter fractie 
which is linked t( 
As phosphate is al 
we expect the pre! 
or teichuronic ac: 
Gram-positive bad 
1968; Archibald, : 
cell wall telchoic 
phate or glycerol 
of glucose, N-ace1 
linked to phosphal 
cell wall can 
nsoluble fract 
acid (Chapter 
on contains a 
о peptidoglyca 
Iso detected ι 
sence of a tei 
ids are presen 
teria (Baddily 
1974; Ellwood 




be separated by lysozyme 
ion, containing glycogen 
4) and a soluble fraction. 
glucosylated rhamnosan. 
η fragments (See 3.3.3.) . 
η this cell wall fraction, 
choic acid. Teichoic acids 
t in cell walls of most 
1972; Archibald et al., 
and Tempest, 1972). These 
polymers of ribitol phos-
also polymers consisting 














id not detect 
1 wall fracti 
ds may be net 
lated mannose 
yean linked ρ 
1. Therefore, 




end of the po 
se phosphdte-
fraction . 
glycerol or ribitol in 
on, so the most common 
present. We detected, 
Our efforts to extrac 
olymer from the cell wa 
we isolated phosphate-
lubilized cell wall fra 
olysis. From the result 
and from periodate oxi 
the monophosphate conte 
lymer, we have derived 








s of these 
dation, and 
nt and the 
a model for 
solubilized 
6.2. Materials and methods 
6.2.1. Determination of_monoester_ghosghate_content_of 
solubilized cell wall fj§£tlon_R 
We incubated 10 μΐ P-labeled fraction R (about 5000 
cpm) in 200 yl Tns-HCl bufter (0.1 M, pH 9.0) with 0.5 U 
alkaline phosphatase for 3 h at 37 0C. As a control, we in­
cubated 10 yl 3 2P-labeled fraction R without enzyme. After 
incubation, the solutions were dialysed for 16 h at 4 0C 
against water to remove liberated phosphate. The content 
of the dialysis bag was poured into a glass vial and water 
was added to give 10 g solution. A sample was mixed with 
10 ml Aquasol and the 32p_
r a
(3 l o a ctivity was measured. 
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б.2 i2 i_Investi2ation of the presence of ghosghate esters 
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The procedure was repeated wi^h a cell wall fraction, 
which was '^C-labeled in the glycan <_hain through cultiva­
ting cells in the presence of N-berzoyl-^l- *^c]glucosamine 
(Veerkamp, 1969 a ) . In this саье 1 4C-labeled muramic acid 
phosphate or glucosamine phosphate would be detected, if 
present. Elution of the Dowex 50 column yielded less than 
3% of all applied C-activity in the same fraction as the 
32p-
a c
tivity. Electrophoresis at pH 1.9 resulted in only 
one radioactive spot at Μ 0.Θ7. 
6.2.3. DEAE-Seghadex A25 chromatogragh^ of an alkaline 
hydrolysate of solubilized cell wall fraction R 
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6.3.1. Alkaline and acid hydrolysis and analysis of the 
ghosphate-containing fractions 
Table 6.1, 
Τ 2 Distribution of_ P^labeledcompoundsafter acid_and alkaline 





pH 1.9 pH 3.5 System A System В 
2 M HCl hydrolysate 
















0.63 (53%) 0-0.4 

























Percentage of the total P-activity is given in 
parentheses. 
Hydrolysis of solubilized cell wall fraction R with 
2 M HCl followed by analysis of the alditol acetates, yiel­
ded only about 0.14 pmol mannose per mg. This value varied 
with the hydrolysis conditions, increasing at more vigorous 
conditions. After dephosphorylation of the hydrolysate a 
value of 0.45 μιηοΐ mannose per mg was obtained. 
After alkaline hydrolysis ( IM NaOH for 1 h at 100oC) 
no other free sugars are found than 0.13 ymol nannose per 
rag fraction R. Dephosphorylation of the alkaline hydroly-
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sate gives the same maximum mannose value as after acid 
hydrolysis and dephosphorylation. Thus, mannose molecules 
cannot be bound by glycosidic bonds. 
High voltage electrophoresis and paper chromatography 





bilized cell wall fraction R, 
showed in both cases the presence of two labeled spots 
(Table 6.1.). The sane results were obtained when 4 M in­
stead of 2 M HCl was used. The slowly moving component of 
the hydrolysate during paper chromatography gave no sharp 
Rf-value. The distribution of the radioactivity over both 
components was about 1:1. 
These compounds were isolated by electrophoresis and 
subsequent paper chromatography in order to carry out struc­
tural analysis. Sugar analysis of the two pure compounds 
was performed after dephosphorylation with alkaline phos­
phatase and preparation of the alditol acetates. For each 
compound only one sugar was found by gas chromatography. 
It was identified by co-chromatography with mannitol hexa-
acetate and confirmed by mass spectrometry. 
Quantitative analysis of mannose and phosphate showed that 
the compounds were mannose diphosphate and mannose mono­
phosphate, which is in agreement with their mobilities in 
electrophoresis and chromatography. 
Since the ^^P-activities of both compounds obtained 
after hydrolysis are about equal, two mannose monophosphate 
molecules and one mannose diphosphate molecule must origi­
nate from the cell wall fractions. Analysis of acid and al­
kaline hydrolysates of soiubilized cell wall fraction R 
showed a mannose/phosphate ratio of about 1:1, but only 
after dephosphorylation. Without dephosphorylation a pro­
portion of mannose is found, which is in accordance with 
one free mannose molecule per 4 molecules. 
6.3.2. Periodate oxidation of intact fraction R 
Cell wall fraction R was oxidized for 4Θ h and 120 h 
with 0.05 M periodate at 4 0 c· After reduction and acid 
hydrolysis phosphate-containing compounds were isolated 
and dephosphorylated. At gas chromatography only glycerol 
and erythritol acetates were present. The glycerol/erythn-
tol ratio was 0.8:1 after 48 h and 2.0:1 after 120 h oxida­
tion. The long period needed for periodate oxidation appears 
to be due to the formation of hemiacetal bond during oxi­
dation (Pazur and Forsberg, 1977) . 
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6.З^3^_Determination of reducing end and_monoghosghate 
content 
An amount of 5 mg solubilized cell wall fraction R 
was reduced by NaBH4. After removing sodium ions and borate, 
the residue was hydrolysed with 2 M HCl for 2.5 h at 100 oC. 
After dephosphorylation it was acetylated without any further 
reduction. Gas liquid chromatography showed the presence of 
only mannose in an amount of 0.12 Mmol per mg, which sug­
gests that there is a free reducing group on every fourth 
mannose. 
The phosphomonoester content was determined by incuba­
ting 3 P-labeled solubilized cell wall fraction R with alka­
line phosphatase. About 98% of the phosphate appeared to be 
resistent to the enzyme, which suggests that it is present 
as a phosphodiester. 
6^3^4^_Ρθ3ΐί1οη_οί_Ehosghate in_mannose monoghosphate and 
mannose dighosghate 
32, Periodate oxidation of P-labeled mannose phosphate, 
followed by reduction and either paper chromatography or 
electrophoresis, yielded only 3 2P-labeled glycol phosphate. 
The isolated mannose monophosphate was oxidized with 
periodate, and was then reduced, dephosphorylated and ace­
tylated. Gas liquid chromatography did not show the presence 
of glycerol, erythritol, pentitol or hexitol. The formation 
of glycol was not detectable with the procedure used by us. 
Glucose 6-phosphate gave identical results. These results 
imply that the original compound was mannose 6-phosphate, 
since it is unlikely that mannose 1-phosphate was present. 
The latter compound will not resist our acid hydrolysis 
procedure (O'Connor and Barker, 1979). 
The isolated mannose diphosphate, after periodate 
oxidation, reduction, dephosphorylation and acetylation, 
yielded the acetates of glycerol and erythritol in a ratio 





е (з mannosediphosphate yiel­
ded a mixture of -^P-labeled glycol- and glycerol phosphates 
and erythritol diphosphate, which were identified by paper 
electrophoresis. These results suggest that the mannose di­
phosphate, obtained after acid hydrolysis, was a mixture of 
mannose 3,6-diphosphate and mannose 4,6-diphosphate . The re­
sults of the Smith degradation of the intact cell wall frac­
tion R (formation of erythritol, see 6.3.2.) establish that 
the original structure of the mannose diphosphate is a mannose 
4,6-diphosphate . 
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б^3^5._Investigation of_the_gresence of_muramic acid phos­
phate or glucosamine ghosghate 
We investigated the presence of muramic acid phosphate 
by means of the method of Wyke and Ward (1977). An acid 
hydrolysate of solubilized cell wall fraction R was chro-
matographed on a Dowex 50 H + column. All phosphate was pre­
sent in one peak, which was not bound to the column. 
After electrophoresis of this fraction at pH 1.9 no muramic 
acid phosphate (tipi 0.72) was present, but the phosphate 
was equally divided over spots with M P l 0.95 and Mp1 1.42, 
representing mannose phosphate and mannose diphosphate, 
respectively. Electrophoresis at pH 1.9 of the corresponding 
C-labeled fraction resulted in only one radioactive spot 
at Μρ
χ
 0.B7, which was not further identified. 
Electrophoresis at pH 3.5 of an acid hydrolysate of 
cell wall fraction R resulted in two spots (Мрд. 0.63 and 
Mpi 0.97) of the same compounds. No phosphate was found 
at the starting position, so glucosamine phosphate (Mp! 
0.0) was not present. After dephosphorylation the acid 
hydrolysates of cell walls did not show higher hexosamine 
values. Linkage of phosphate to muramic acid or glucosamine 
does not appear proLable from these experiments, but linkage 
of phosphate at the C-l position of these compounds can not 
be excluded. 
6.3.6. Investigation of the linkage of_the mannose ghosghate 
tetramer and theglucosylated rhamnose polymer to 
peptidoglycan 
We investigated the attachment of the mannose phosphate 
unit and the rhamnose polymer by trying to separate them 
from each other and/or from the peptidoglycan fragments. 
Hydrolysis with 1 M NaOH for 1 h at 100 oC can break phos-
phodiester linkages, if cyclisation to vicinal hydroxyl 
groups can occur. Alkaline hydrolysis did not split the 
linkage between rhamnose and glucose, but nearly all mannose 
became dialysable (Table 6.2). DEAE-Sephadex chromatography 
of an alkaline hydrolysate, eluted with water, yielded a 
minor fraction composed of glucose, rhamnose and mannose 
in a ratio of about 2:1:1. Subsequent elution with a NaCl 
gradient resulted in two peaks. The first contained rham­
nose, glucose and galactose in a ratio of about 2:1:0.2 
and the second peak contained all phosphate together with 
mannose. The presence of glucosamine or muramic acid could 
not be detected due to destruction. 
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Table 6.2. 
Anal^sis_of solubilized cell_wall fraction_R_after_treat-
ment with NaOH and HF 
Treatment 
Rham- Man- Galac-Glu- Gluco-
nose nose tose cose samxne 
None 
1 M NaOH at 100oC for 1 h 
48% HF at 0oC for 1 h 
for 24 h 
for 48 h 
. 3 4 
. 2 2 
. 3 9 
. 0 6 






. 3 8 
. 0 4 









. 0 7 
. 14 







Fractions were dialysed after treatment with NaOH 
or HF. Analyses were performed after dephosphoryla-
tion and hydrolysis with 2 M HCl for 2.5 h at 1000C. 
Values are expressed in ymol/mg. ND, not determined. 
The limited alkaline hydrolysis of phosphodiesters can 
be avoided by performing a 48% HF hydrolysis at 0oC, according 
to Ivatt and Gilvarg (1977) for 1, 24 and 48 h. After dia-
lysis the residues were analysed (Table 6.2). The results 
indicate that rhamnose is not removed by HF treatment and 
dialysis like mannose, but is present together with gluco-
samine. Therefore, the rhamnose polymer is not linked 
through phosphate to peptidoglycan. 
6.4. Discussion 
In the isolated cell walls and solubilized cell wall 
fractions phosphate is present, but not uronic acids. This 
means that teichoic acids may be present, but not teichu-
ronic acids. The solubilized cell wall fractions R and S 
lack ribitol and yield only traces of glycerol. This means 
that they do not contain a teichoic acid composed of these 
polyols. If a teichoic acid is present, it does not contain 
glucosamine, because this component is linked in a 1:1 ratio 
to muramic acid in the peptidoglycan (Veerkamp, 1971 b ) . 
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Acid or alkaline hydrolysis of fraction R yields the 
same products: one free mannose, one mannose diphosphate 
and two molecules of mannose monophosphate. Dephosphoryla-
tion of the hydrolysate results in a higher mannose yield. 
So no glycosidic bonds are present in the mannose molecules. 
All phosphate of solubilized cell wall fraction R is pre-
sent as a diester, indicating that no degradation occurs 
during solubilization by lysozyme. Only one of the four 
mannose molecules of this cell wall fraction can be reduced. 
The Smith degradation of the intact fraction yields only 
glycerol and erythntol in a 2:1 ratio. The isolated mannose 
phosphate is mannose 6-phosphate. The mannose diphosphate 
consists of a mixture of 3,6- and 4,6-diphosphate, since 
hydrolysis of the mannose phosphate tetramer causes migra-
tion of the phosphate molecule in mannose diphosphate. The 
results of Smith degradation of the intact preparation es-
tablish, however, that the original structure is, mannose 
4,6-diphosphate. These results taken together suggest a 
a tetramer of mannose phosphate with the structure shown in 
H- OH-
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Fig 6.1. Acid and alkaline hydrolysis give the same com­
ponents, but they may originate from different parts of 
this tetramer. E.g. acid hydrolysis will liberate mannose 
A, and alkaline hydrolysis mannose С as free hexose. 
The tetramer has an end group (mannose A ) , and is not 
a unit of a long chain of mannose phosphate molecules, since 
such a chain would not yield the same ratio of mannose, 
mannose phosphate and mannose diphosphate after alkaline 
and acid hydrolysis. Neither is the tetramer a linkage 
unit between teichoic acid and peptidoglycan, as is the 
case for glycerol phosphate tnmer in S • aureus (Coley et 
al. , 1978) , for the same reason. Moreover, no trichloro­
acetic acid-extractable teichoic acid is present m the 
cell wall of В. bifidurn. 
Mannose is a common sugar in the cell wall of yeast, 
but it is glycosidically bound in long mannose chains, which 
contain only a small amount of phosphate (Lloyd and Bitoon, 
1971; Bardelaye and Nordin, 1977; Travassos and Mendonça-
Previato, 1978). The tetramer of B. bifidum also differs 
from the acid lipomannans present in Micrococcus lysodeik-
ticus (Powel et al., 1975), which are membrane bound and 
lack phosphate. 
Recently Anderton and Wilkinson (1980) reported the 
presence of a new type of teichoic acid In the Gram-positive 
bacterium NCTC 9742, variously known as Chromobacterlum 
lodinum or Pseudomonas lodinum. The phosphorylated polymer 
is slowly released on treatment of the isolated cell walls 
with cold aqueous trichloroacetic acid. It contains a poly 
(manmtol phosphate) chain, bearing B-glucopyranosyl sub-
stituents and pyruvic acid residues (acetal-linked). The 
minor components galactosamine and glycerophosphate might 
serve to link the poly (manmtol phosphate) chain cova-
lently to peptidoglycan. Our substance has a different struc-
ture, because it contains mannose instead of manmtol, and 
no B-linked glucose or glycerol is present in the solubi-
lized cell wall fraction R of B. bifidum. 
Since we did not find phosphorylated glucosamine or 
muraraic acid, the mannose phosphate tetramer is most likely 
attached at the glucosylated rhamnose polymer, and less 
likely at the reducing end of the peptidoglycan chain. 
Neither N-acetyl glucosamine nor N-acetyl muramic acid have 
a hydroxyl group at the C-2 position, so alkaline hydrolysis 
of the phosphate tetramer cannot result in cyclisation to 
an amino sugar. Therefore, phosphate esters of GlcNAc or 
MurNAc will not be bound. Acid hydrolysis will also split 
a phosphate bond to the C-l position, since it is a hemi-
acetal. 
A possible site of attachment of the glucosylated 
rhamnosan could be muramic acid 6-phosphate, which serves 
as such for the teichoic acids and polysaccharides in many 
bacteria (Muñoz et al., 1967; Heymann et al., 1967; Imanaga 
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At least three structural units are present in the 
solubilized cell wall fraction of B. bifidum. tne peptido-
glycan, the glucosylated rhamnose polymer, and the mannose 
phosphate tetramer. We have tried to design a model, which 
contains these three polymers, and which is compatible 
with our results. Three basic models are possible, which 
contain a ratio of rhamnose, glucose, mannose and phosphate 
of 4:2:1.1 (Fig 6.2.). This ratio suggests one octamer of 
(glucosyl) rhamnosyl-rhamnose for each mannose phos­
phate tetramer. 
The first model (model A) has the mannose phosphate 
tetramer interposed between the aminoglycan chain of the 
peptidoglycan and the rhamnose polymer. This model is un­
likely, because the mannose phosphate tetramer is not a 
linkage unit and the rhamnosan would be released from the 
peptidoglycan by acid and alkaline hydrolysis. Moreover, 
a glycosidic bond between rhamnosan and mannose is needed 
in this structure, which is not compatible with our results. 
In the second model (model B) both polymers are sepa­
rately linked to the glycan chain. Gel filtration of the 
lysozyme-digested cell wall results in fractions with the 
same ratio of sugars but less peptidoglycan (See 5.3.2.) . 
This means that lysozyme must liberate peptidoglycan frag­
ments with the same ratio of both polymers. Since the man­
nose phosphate tetramer must be linked to the reducing end 
of the glycan, only short glycan chains are possible. Our 
analysis suggests one mannose phosphate tetramer per three 
disacchandes of the aminoglycan chain. Perhaps exhausting 
lysozyme digestion may in this case result in a shift of the 
ratio of the rhamnose polymer to the mannose phosphate tetra 
mer in the fragments. But if both polymers are linked 
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6.5. Summary 
The absence of uronic acids and of phosphate-linked 
glycerol, nbltol, glucose or glucosamine shows that neither 
teichuronic acid, nor the common cell wall teichoic acids 
are present in the solubilized cell wall fractions. Instead, 
mannose was present in equimolar amounts with phosphate. 
All mannose seemed to be phosphate-linked. Based on our 
experimental results obtained with alkaline and acid hydro-
lysis, periodate oxidation and methylation analysis, we 
propose a structural model of a mannose phosphate tetramer. 
This polymer may substitute for cell wall teichoic acid. 
The absence of phosphorylated glucosamine and muramic 
acid excludes the usual phosphodiester linkage of gluco-
sylated rhamnose polymer and mannose phosphate tetramer 
to peptidoglycan. A structural model for the interrelation 
between these polymers and peptidoglycan is proposed. 
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7. Isolation and structural analysxs of lipoteichoic acid 
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Bacteria of four 10 1-batch cultures (16 h at 37 0C, 
cell yield 170 g wet weight) were incubated with lysozyme 
in 0.7 M sucrose buffer, as described in section 2.4. After 
centri fugation for 10 m m at 5 000 g, the resulting proto­
plasts were sonicated for 4 x 5 sec under cooling and incu­
bated with 3 mg DNase for 10 min at 37 0C. The suspension 
was centrifuged for 45 m m at 100 000 g and the sedimented 
membranes were twice washed with water. The membrane frac­
tion (9 g) was suspended in water (100 ml/g), and the lipids 
were extracted with an equal volume chloroform: methanol 
(2:1, v/v) for 3 h at 4 0C. The water-layer was concentrated 
to 500 ml, an equal volume of 881 phenol was added, and the 
mixture was stirred for 1 h at 4 0C. After centri fugation 
for 30 min at 16 000 g, the phenol layer (lower layer) was 
extracted again with 500 ml water, and the combined water-
layers were dialysed against water to remove phenol. The 
dialysed preparation was incubated with 4 mg DNase and 20 
mg RNase in Tns-HCl buffer (0.05 M Tris, 0.01 M MgCl 2, pH 
6.9) for 24 h at 20 ο0. Extraction with chloroform-methanol 
and phenol and dialysis were repeated as described. The 
final water-layer was lyophilized. The yield was 450 mg. 
Contaminating glycogen and residual polynucleotides 
were removed by chromatographing the material over a Sepha-
rose 6B column (75 χ 1.6 cm) with 0.2 M NH4-acetate (pH 7.0). 
Fractions of 3 ml were analysed for the presence of nucleic 
acids (E254) , fatty acids and sugar composition (as alditol 
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acetates). The fractions containing galactose, glucose and 
fatty acids were combined, dialysed and lyophilized. 
The material was again chromatographed over the Sepharose 
6B column and the eluted fractions were analysed as alditol 
acetates. The fractions, which contained about equal amounts 
of galactose and glucose, were pooled, dialysed against 
water and lyophilized (140 mg). 
7.2.2. Octyl-Sepharose_chromatograghY 
An Octy1-Sepharose CL-4B column (bed volume 30 ml) was 
prepared and eluted with 30 ml aqua dest, 30 ml ethanol, 
60 ml butanol, 30 ml ethanol and 30 ml water. The column 
was equilibrated with 120 ml Tns-NaCl (10 mM, 1 M NaCl, pH 
7.0). The isolated lipoteichoic acid (LTA) fraction was 
loaded on the column and eluted with the following solu-
tions. 60 ml Tns-NaCl buffer (pH 7.0) (fraction I ) , 60 ml 
0.01 M Tns-HCl buffer (pH 7.0) (fraction ÏI) and 60 ml 
0.01 M Tns-HCl (pH 7.0)- propanol (1 1, v/v) (fraction 
III). These fractions were dialysed and lyophilized. 
7.2.3^ Amylase treatment 
The purity of the LTA fraction was investigated by 
incubating 1.6 mg LTA in 2 ml phosphate buffer (20 mM, 6 
mM NaCl, pH 0.7) with 25 μΐ ct-amylase (250 Щ for 16 h at 
37 0C. After incubation the solution was dialysed against 
200 ml H2O at 4 0C to separate liberated maltose and/or 
glucose molecules. The retained solution was hydrolysed 
(2 M HCl for 2.5 h at 100oC) and an internal standard (1.5 
ymol xylose) was added. 
One part of the dialysate was subjected to dephospho-
rylation, reduction, acetylation and gas chromatographic 
analysis (section 2.6.4.). 
Another part of the dialysate was concentrated and 
analysed on a cellulose thin-layer plate with solvent G. 
Referents were glucose, maltose and the products of glyco­
gen after α-amylase treatment. A third part of the dialy­
sate was hydrolysed with 2 M HCl and analysed as alditol 
acetate on a 3% ECNSS-M column. 
7^2.4._Hydrofluoric acid_treatment 
LTA (8.7 mg) was treated with 2 ml 48% HF for 7 days 
at 0-4 oC. The hydrolysate was evaporated at 0-4oC in a 
vacuum desiccator over NaOH pellets. After addition of 6 
ml H2O, the sample was extracted three times with 3 ml 
chloroform. The chloroform-soluble fraction was subjected 
to thin-layer chromatography in solvents E and F. 
A mixture of galactolipids of B. bifidum was used as refe­
rence. The plate was sprayed with perlodate-Schiff reagent 
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Lipoteichoic acid (4.3 mg) was oxidised in 10 ml 0.05 
M NaI04 (buffered with 0.05 M acetate to pH 5.0) at 20 oC 
up to 96 h. Consumption of periodate was measured at 225 
nm according to Dixon and Lipkin (1954) . Production of 
formaldehyde was determined by the chromotropic acid reac-
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Table 7.1. 
























hydroly-sis 0 .72 1 .0 0.07 
after HCl 
hydrolysis 0.65 1 .3 1.1 1.15 
Values are expressed in Umol/mg dry weight. Dephosph. stands 
for dephosphorylation. 
amounts of maltose were observed with thin-layer chromato­
graphy of the dialysate. Fractions I, II and III after Octyl-
Sepharose CL-4B chromatography contained material with a 
glucose- galactose ratio of about 1, but the main amount 
of LTA was present in fraction I. 
7.3.2. Chemical analysis 
The chemical composition of the isolated lipoteichoic 
acid is presented in Table 7.1. The amount of free glycerol 
and galactose increased after dephosphorylation of the acid 
hydrolysate. Similar results were obtained after more drastic 
hydrolysis conditions (2 M HCl for 48 h at 1250C) for the 
Θ1 
Table 7.2. 
Fatty acid comgosition of_lipoteichoic acid 













2.3 + 1.4 
8.6 + 1.1 
33.8 + 2.8 
3.7 + 0.6 
7.9 + 2.3 
43.5 + 2.9 
The fatty acids are designated by the 
number of carbon atoms followed by the 
number of double bonds. Values (in per-
cents) are means + SD for 5 different 
LTA preparations. 
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Zi^i2i_5ËE!J£tural analysis 
Acid hydrolysis of 32P-labeled LTA resulted in libera-
tion of 3 2 Ρ 1 , P-labeled glycerol phosphate and hexose 
monophosphate, while alkaline hydrolysis yielded large 
amounts of 3 P-labeled glycerol phosphate, but no hexose 
monophosphate, glycerol diphosphate and phosphorylglycery1-
phosphorylglycerol phosphate were detected. 
The reducible sugars in intact LTA were determined by 
gas chromatography after reduction with NaBH^, acid hydro­
lysis, dephosphorylation and acetylation. The only hexitol 
present on the gas chromatographic pattern was glucitol hexa-
acetate, in an amount corresponding to about 0.5 ymol/mg, 
indicating that one of three glucose molecules has a free 
reducible end-group in the intact LTA. 
The effect of glucosidases was studied by treatment 
of lipoteichoic acid with a-glucosidase and a-galactosidase 
or with @-glucosidase and (5-galactosidase. Analysis for 
glucose and galactose showed no free hexoses. 
Alkaline hydrolysis of LTA did not liberate free gly­
cerol, glucose or galactose, but subsequent dephosphoryla­
tion resulted in liberation of glycerol. Incubation of the 
dephosphorylated alkaline hydrolysate with glycosidases 
(a- and β- glucosidase or galactosidase) did not liberate 
glucose or galactose. 
We could not establish the presence of glycosyIglycerol 
units in the alkaline hydrolysate of lipoteichoic acid, 
either with gas chromatography of the trimethyl silyl ethers 
or with paper chromatography. 
Information about the linkages of the hexoses of LTA 
was obtained by means of a methylation analysis on LTA 
before and after chromium trioxide oxidation of LTA. Indis­
tinct peaks were obtained before oxidation and no peaks at 
all after oxidation. Intact LTA yielded a gas chromatogra­
phic pattern (on three columns) with as main peaks 2,3,6-Мез-
- 1,4,5-Ac3-glucitol and 2,3,б,-Me - 1,4,5-AC3-galactitol and 
2,3,4,-Me 3-1,5,б-Асз-glucitol. The absence of peaks after 
СгОз-oxidation may indicate that the linkages are ß-glyco-
sidic. 
Thin-layer chromatography of the chloroform-soluble 
fraction after HF-treatment, showed two spots with about 
the same Rf-value as the references acylmonogalactosyl 
diacyIglycerol and асуIdigalactosy1 diacylglycerol (Exter-
kate and Veerkamp, 1969). Gas chromatographic analysis of 
this fraction shows the presence of galactose, glucose and 
glycerol. Analysis of the water-soluble fraction after HF-
treatment shows that most of the LTA components are present 
in this fraction (Table 7.1.) . Phosphorus is nearly comple­
tely recovered in the water layer. Considerable amounts of 
galactose and glycerol were liberated by HF treatment, which 
suggests that they are present as phosphate esters in LTA. 
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The slight amount of free glucose after HF treatment only 
indicates that glucose is glycosidically linked. Incubation 
of this water-soluble fraction with a-galactosidase liber­
ates some galactose, which is apparently glycosidically 
linked. The other glycosidases did not yield any additional 
free hexoses. 
Periodate oxidation of LTA resulted m consumption 
of at least 3 Vimol periodate and a production of about 1 
ymol formaldehyde per rag LTA. Part of this oxidized LTA 
was analysed after hydrolysis for its carbohydrate compo­
nents in the form of alditol acetates. The Smith degrada­
tion resulted in oxidation of all glucose and about 80% 
of all galactose. Gas chromatography showed glycerol and 
threitol in a ratio of about 3:2, but no erythrytol or 
pentitols. Hydrolysis of another part of oxidized LTA with 
90% formic acid for 1 h at 40 oC, yielded 0.51 ymol glycerol/ 
rag LTA. 
7.4. Discussion 
We extracted lipoteichoic acid from isolated membranes 
with 44% phenol, which appears to retain the long chain 
fatty acids in the lipoteichoic acid molecule (Coley et 
al., 1972; Ganfield and Pierlnger, 1975, Wicken and Knox, 
1980). The isolated lipoteichoic acid contains glycerol, 
galactose, glucose, phosphate and fatty acids in a molar 
ratio of about 1:1:1:1:0.3. Usually (Wicken and Gibbons, 
1973; Wicken and Knox, 1975, 1980; Duckworth, 1977) lipo­
teichoic acids contain a glycerol phosphate polymer as the 
polar part, giving a molar ratio of glycerol to phosphate 
of one, while the apolar part of the amphiphatic molecule 
is composed of fatty acids linked to a glycoside. Our re­
sults, with nearly equimolar amounts of glycerol, phosphate, 
glucose and galactose suggest a more complicated structure 
for the polar part, as e.g. is found in S. lactis Kiel 42172 
(Koch and Fischer, 1978). Contamination with glycogen is 
unlikely for the following reasons. When the lipoteichoic 
acid fraction is treated with α-amylase about the same ratio 
of glucose to galactose is obtained as without treatment. 
The presence of about 33% reducible glucose does not sug­
gest the presence of glycogen. With Sepharose 6в chromato­
graphy we found a variation of the glucose to galactose 
ratio from 100 to one, but we detected no fractions con­
taining less glucose than galactose. Therefore, little or 
no glycogen contamination can be present in our lipoteichoic 
acid preparation. 
Amino acid analysis demonstrated that our isolated 
lipoteichoic acid does not contain a significant amount 
of alanine and only a slight amount of protein. Fischer 
et al. (1980) reported that ester-linked alanine is rapidly 
hydrolysed from lipoteichoic acid at pH-values above 7. 
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Since we used a buffer of 6.9 during incubation with nucle­
ases to eliminate contaminating nucleic acids, the absence 
of alanine may be questioned. The absence of nbitol penta-
acetate in the gas chromatographic pattern indicates that 
there are no contaminating nucleic acids in the isolated 
lipoteichoic acid fraction. 
Since no phosphorylglycerylphosphorylglycerol phosphate 
could be detected in the alkaline hydrolysate, but only 
glycerol phosphate, an 1,3-linked glycerol phosphate chain 
is unlikely (Archibald and Baddiley, 1966) . The absence of 
phosphorylglycerol phosphate excludes also the presence 
of an 1,2-linked chain. 
Since reduction of lipoteichoic acid did not yield 
galactitol and HF treatment liberated the most of the galac­
tose, a phosphate molecule must be linked at the Cj position 
of most galactose molecules. Threitol detected after perio­
date oxidation may orginate from a non-reducible galactose 
by means of oxidative cleavage of the C2-C3 bond. A second 
phosphate ester linkage to galactose must be present at C4 
of the galactopyranosyl ring or at Cg in the galactofurano-
syl ring, when periodate oxidation forms threitol. It may 
also be liberated from a reducible glucose residue by oxi­
dation of the Сл - bond or of the C, C2 and C, - Cc 
bonds in the same molecule. The presence of glycerol and 
the absence of erythritol after periodate oxidation suggest 
that most glucose residues are linked by 1,6-bonds. This 
is supported by the finding of 2,3,4-Me,-1,5,G-Acj-glucitol 
after methylation analysis. One out of three glucose mole­
cules may be linked only at its 4-position. This residue 
forms 2 , 3 , 6-Me·,- 1 , 4 , 5-Ac -glucitol by methylation analysis, 
glycerol by periodate oxidation and formic acid hydrolysis, 
and glucitol by reduction with NaBH . . It also yields formal­
dehyde by periodate oxidation. 
The lipoteichoic acid does not seem to contain Cj-lin-
ked hexoses, because incubation with glycosidases, even 
after alkaline hydrolysis, does not liberate glucose or 
galactose. From the water-soluble HF-hydrolysate only some 
galactose is removed by a-galactosidase treatment. 
Concentrated HF splits phosphomonoester ?nd phospho-
diester linkages, but it does not hydrolyse glycosidic bonds 
(Lipkin et al., 1969, Ivatt and Gilvarg, 1977; Koch, 1978). 
The chloroform-soluble fraction of the HF-hydrolysate of 
lipoteichoic acid contains glycerol, glucose and galactose 
in acyldiglycosyl diacylglycerol and acylmonogalactosy1 
diacyIglycerol. HF may have split glucose from the acyl-
monogalactosyl diacylglycerol. In several streptococci 
(Fischer et al., 1978, 1980; Koch and Fischer, 1978,- Gan-
field and Pieringer, 1980), lactobacilli (Archibald and 
Coapes, 1971; Nanako and Fischer, 1978) and staphylococci 
(Nanako and Fischer, 1978) glucose is the only hexose pre­
sent in the glycolipid of lipoteichoic acid. In membranes 
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of В. bifidum glycerophosphogalactolipids are present, 
where the main lipids are mono- and diacyl esters of 3-0-
- {6 ' -s_n-glycero- l-phosphoryl)-ß-D-galactofuranosyl} -sii- gly-
cerol (Veerkamp and Van Schaik, 1974, Van Schaik , 1975). 
Both glycerophosphogalactolipids and lipoteichoic acid 
contain palmitic acid and oleic acid as the major acids. 
Since glycerophosphoglycolipids may be biosynthetic inter-
mediates or degradation products of lipoteichoic acid mole-
cules (Nanako and Fischer, 197Θ; Fischer et al., 1979, 1980; 
Wicken and Knox, 1980), the glycerophosphogalactolipids 
present in the membrane of В. bifidum may have a similar 
function, but due to their high content (Van Schaik and 
Veerkamp, 1974) they are also important membrane consti­
tuants . 
Since the fatty acid composition of lipoteichoic acid 
resembles that of the isolated cell wall and that of fraction 
P, the components glycerol, galactose and fatty acids found 
in isolated cell walls and in fraction Ρ appear to orginate 
from lipoteichoic acid. 
Our results are not sufficiently complete to propose 
a structural model for the lipoteichoic acid molecule. The 
polar part probably contains a phosphate-linked glycerol 
and galactose and a short chain of glycosidically linked 
glucose molecules with some galactose. The lipid part of the 
molecule is composed of a glycoside which contains glucose 
and galactose. Further investigations in our laboratory 
are hoped to elucidate the structure of lipoteichoic acid 
of В. bif idum subsp. pennsylvamcum fully. 
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The outer surface of the bacterium is important for 
its interaction with the environment e.g. other bacteria, 
bacteriophages and host. Knowledge about the structure of 
the bacterial cell wall polymers may give better insight 
in these largely unknown interactions. The structure of the 
cell wall peptidoglycan and membrane lipids of Bifidobac­
terium blfidum subsp. pennsylvamcum was earlier elucidated 
in this laboratory. The investigations presented in this 
thesis comprise the composition and structure of other 
macromolecules present in the cell envelope of this Gram-
positive bacterium. The structures of two macromolecular 
compounds of the cell wall (a mannose phosphate tetramer 
and a glucosylated rhamnose polymer) were established by 
chemical analyses on products of isolation and degradation 
procedures. Also evidences are presented for the structure 
of a membrane-linked cell wall polymer (lipoteichoic acid). 
In Chapter 1 a survey is given about the different 
components which may be present in the cell wall of Gram-
positive bacteria. Procedures are described to obtain bac­
terial cell walls and to isolate the various cell wall poly­
mers. The variations in structure of these components, 
their intermolecular linkages and their functions are sepa­
rately discussed. 
In Chapter 2 the general materials and methods are 
described. The isolation and analysis of the cell wall and 
cell wall fractions of B. bifidum are described in Chapter 
3. Chemical extraction procedures did not result in libera­
tion of intact polymers from the cell wall. Treatment of 
cell wall preparations with lysozyrae resulted in solubili­
zation of components which contained all peptidoglycan 
amino acids, muramic acid, glucosamine, mannose, rhamnose 
and a part of cell wall glucose (Fraction S ) . The insoluble 
fraction (Fraction P) contained a glucose polymer. The 
structure of this component was elucidated as a compact 
amylopectine (Chapter 4 ) . The glucose polymer may originally 
be cellular glycogen, since glycogen-synthesizing activity 
was present in the cell sap of В. bifidum. Apparently, the 
insoluble glucose polymer present in the isolated cell 
walls is a contamination from cytoplasmic origin. 
Solubilization of the cell wall of intact bacteria 
resulted in a fraction R of which the carbohydrate, amino 
sugar and amino acid composition was nearly identical to 
that of fraction S. Investigation showed that the main 
sugars are rhamnose, glucose and mannose in a molar ratio 
of 4:2.1. With both solubilized cell wall fractions no 
peptidoglycan-fгее polymers could be obtained by gel chro­
matography or ion-exchange chromatography. 
We demonstrated with glucosidase action, chromiumtn-
oxide oxidation and methylation analysis that one of the 
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structural units was a glucosylated rhamnosan (Chapter 5 ) . 
The molecule is composed of a 1,2- or an alternating 1,2/ 
1,3-a-linked rhamnose chain, substituted on average at 
every second rhamnose residue with an α-linked glucose 
molecule. 
The solubilized cell wall fraction did not contain 
wall teichoic acid with a known structure. No molecules 
of glycerol, ribitol, glucose or glucosamine were found 
linked to phosphate (Chapter 6 ) . Instead mannose and phos­
phate are present in equimolar amounts. From various experi­
mental results e.g. those obtained with alkaline and acid 
hydrolysis, periodate oxidation and methylation analysis, 
it could be concluded that mannose and phosphate are present 
in a mannose phosphate tetramer (Chapter 6 ) . Probably this 
tetramer may substitute wall teichoic acid in the cell 
wall of В. bifidum subsp. pennsylvanicum. The absence of · 
glucosamine phosphate and muramic acid phosphate excludes 
the usual phosphate linkage of polymers to peptidoglycan. 
A tentative model for the structure of the mannose phos­
phate tetramer and its linkage to the glucosylated rham­
nosan or peptidoglycan is discussed. 
The isolation and analysis of a lipoteichoic acid is 
presented in Chapter 7. This polymer is also present in the 
unsoluble fraction P, but was isolated from delipidated 
membranes. It appeared to have a rather complex structure. 
Instead of the usual glycerol phosphate polymer, the polar 
chain of the lipoteichoic acid appeared to be composed of 
galactose, glycerol and phosphate (Chapter 7 ) . Glycosidical-
ly-bound glucose is also present in this chain. Based on 
the results of HF- and NaOH-hydrolysis, methylation analy­
sis and enzymatic degradation, suggestions for its structure 
are presented. 
In conclusion the cell wall of В. bi fidum subsp. penn-
sylvanicum contains at least four different structural 
units: a mannose phosphate tetramer and a glucosylated 
rhamnosan connected to peptidoglycan, and lipoteichoic 




De buitenkant van een bacterie is van groot belang 
voor de interactie met zijn omgeving t.w. andere bacteriën, 
bacterlofagen en eventueel gastheer organismen. Kennis over 
de structuur van de bactenële celwandpolymeren kan een 
beter inzicht geven in deze, grotendeels onbekende inter-
acties . 
De structuur van het celwandpeptidoglycaan en van de 
membraanlipiden van de Gram-positieve bacterie Bifidobacte-
rium bifidum subsp. pennsylvamcum werd reeds eerder op dit 
laboratorium opgehelderd. In dit proefschrift is het onder-
zoek naar de samenstelling en structuur van andere makromo-
leculen die in de celenveloppe van dit organisme voorkomen, 
weergegeven. De strukturen van twee makromoleculaire eenhe-
den uit de celwand (een mannosefosfaat tetrameer en een ge-
glucosyleerde rhamnose polymeer) werden opgehelderd door 
chemische analyse van geïsoleerde fracties en afbraakprodukten. 
Ook worden aanwijzingen gegeven over de structuur van een 
merabraangebonden celwand polymeer (lipoteichonzuur) . 
Hoofdstuk 1 geeft een overzicht van verschillende 
componenten die in de celwand van Gram-positieve bacteriën 
kunnen voorkomen. Ook worden er procedures beschreven om 
bactenële celwanden te verkrijgen en de verschillende 
celwandpolymeren te isoleren. De variaties in de structuur 
van deze componenten, de intermoleculaire bindingen, de 
funkties en de eigenschappen van de polymeren worden af-
zonderlijk besproken. 
In hoofdstuk 2 wordt het grootste deel van de gebruikte 
materialen en methoden beschreven. De isolatie en analyse 
van de celwand en celwandfracties van B. bifidum worden 
beschreven in Hoofdstuk 3. Chemische extractie procedures 
resulteerden m e t in het vrijkomen van intacte polymeren 
uit de celwand. Behandeling van de celwandpreparaten met 
lysozym leidde tot het oplossen van componenten waarin 
alle muraminezuur, glucosamine, mannose, rhamnose, pepti-
doglycaanaminozuren en een deel van de celwand glucose 
aanwezig waren (Fractie S ) . De onoplosbare fractie (Fractie 
P) bevatte een glucosepolymeer, waarvan de structuur werd 
opgehelderd. Het bleek een compact araylopectine te zijn 
(Hoofdstuk 4 ) . Van oorsprong kan de polymeer intracellulair 
glycogeen zijn, omdat in het celsap van B. bifidum glyco-
geensynthetiserende activiteit kon worden aangetoond. 
Het oplosbaar maken van de celwand van intacte bac-
teriën leidt tot een fractie (Fractie R ) , die wat betreft 
de samenstelling van suikers, aminosuikers en aminozuren 
vrijwel gelijk is aan die van Fractie S. Analyse van deze 
fracties toonde aan dat de belangrijkste suikers rhamnose, 
glucose en mannose hierin voorkomen in een molaire verhou-
ding van 4:2:1. Geen peptidoglycaan-vrιje polymeren konden 
verkregen worden door gel-chromatografie en lonenwisselaar-
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chromatograf ie van belde oplosbaar gemaakte celwandfracties 
Met behulp van glucosidases en met technieken zoals 
chroomtnoxide oxydatie en methy1eringsanalyse, kon worden 
aangetoond, dat één van de structurele eenheden een geglu-
cosyleerd rhamnosepolymeer was (Hoofdstuk 5 ) . Deze polymeer 
is opgebouwd uit een 1,2- of een alternerende 1,2/1,3-01-
gebonden rhamnose keten, waarbi] gemiddeld op elk tweede 
rhamnose residu een α-gebonden glucose aanwezig is. 
De opgeloste celwand fractie bevatte géén bekend wand-
teichonzuur. Er werd géén fosfaatgebonden glycerol, ribitol 
glucose of glucosamine gevonden (Hoofdstuk 6 ) . In plaats 
daarvan waren mannose en fosfaat aanwezig in equimolaire 
hoeveelheden. Uit verschillende experimenten waaronder 
alkalische en zure hydrolyse, per]odaat oxydatie en methy-
leringsanalyse, kon worden geconcludeerd, dat mannose en 
fosfaat aanwezig waren in een mannosefosfaat tetrameer 
(Hoofdstuk 6 ) . Mogelijk vervangt dit tetrameer het wand-
teichonzuur in B. bifidum subsp. pennsy1vanicura. 
De afwezigheid van glucosaminefosfaat en muraminezuur-
fosfaat sluit het voorkomen van de gebruikelijke fosfaat-
binding van de polymeren aan peptidoglycaan uit. Een voor-
lopig model voor de structuur van het mannosefosfaat te-
trameer wordt voorgesteld en de binding ervan aan de geglu-
cosyleerde rhamnosepolymeer of aan het peptidoglycaan 
wordt besproken. 
De isolatie en analyse van lipoteichonzuur (LTA) wordt 
beschreven in Hoofdstuk 7. Dit polymeer is aanwezig in de 
onoplosbare celwand fractie P, maar werd geïsoleerd uit de 
gedelipideerde membranen. Het lipoteichonzuur blijkt een 
tamelijk complexe structuur te hebben. In plaats van het 
veel voorkomende glycerolfosfaat polymeer bleek de polaire 
keten van het lipoteichonzuur samengesteld te zijn uit 
galactose, glycerol en fosfaat, terwijl tevens glycosidisch 
gebonden glucose aanwezig is (Hoofdstuk 7 ) . De resultaten 
verkregen met HF- en NaOH-hydrolyse, methy1eringsanalyse 
en enzymatische afbraak geven aanwijzingen voor de structuu 
van het lipoteichonzuur. 
Samenvattend blijkt de celwand van В. bifidum subsp. 
pennsylvamcum op zijn minst vier verschillende structurele 
eenheden te bevatten: een mannosefosfaat tetrameer en een 
geglucosyleerd rhamnosepolymeer gekoppeld aan peptidogly­
caan en een lipoteichonzuur. Geïsoleerde celwanden kunnen 
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De aanwezigheid van glucose in geïsoleerde celwandpreparaten hoeft niet te 
duiden op aanwezigheid in de celwand. 
Hoofdstuk U van dit proefschrift. 
II 
De aanname van Granger en Lazarides dat desinine en νimetine naast elkaar 
voorkomen in volwassen spierweefsel op grond van immuunfluorescentie, is 
gezien de isolatietechniek van het gebruikte vimentine antigeen aanvechtbaar. 
Granger, B.L. and Lazarides, E. (1979), Cell j_8, 1053-1063. 
III 
Dat de normaalwaarde van dATP in erytrocyten, verkregen volgens een "in 
principe dezelfde methode", binnen een half jaar een faktor 10 verschilt, 
is op zijn minst merkwaardig. 
Hirschhorn, R., Roegner, V., Rubinstein, A. and Papageorgiou, P., 
(1980), J. Clin. Invest. 65, 768-771. 
Rich, K.C., Richman, СМ., Mejias, E. and Daddona, P. (1980), J. Clin. 
Invest. 66, 389-395. 
IV 
Bij het trekken van conclusies uit waarnemingen met het blote oog van 
"particulated matter" in oplossingen dient men rekening te houden met de 
uur tot uur variatie van deze detectiemethode. 
Leelarasamee, N., Howard, S.A. and Baldwin, H.J. (1980), J. Parent. 
Drug Assoc. 34^ 167-174. 
V 
De ^l*C02 - produktie wordt ten onrechte nog steeds gebruikt als maat voor de 
[^Cjvetzuuroxidatie in de cel. 
Sumbilla, C.M., Zielke, CL. , Reed, W.D. , Ozand, P.T. and Zielke, H.R. 
(1981), Biochim. Biophys. Acta 675, 301-304. 
VI 
Omdat met de detergens methode zuiverder glomerulaire basaalmembraan prepa­
raten worden verkregen dan met de conventionele tril methode is het wenselijk 
opnieuw de chemische samenstelling van deze membranen bij diabetici te 
onderzoeken. 
J.P.M. Langeveld (1981), dissertatie Nijmegen. 
VII 
Het werk van biochemici en psychoterapeuten komt in feite veelal hierin 
overeen, dat zij gepreoccupeerd zijn met de verhoopte uitkomst: voor de 
biochemici is dat meestal stimulerend, voor de psychoterapeuten altijd 
verengend. 
VIII 
Sinds de flesvoeding het van de borstvoeding heeft gewonnen, komt de niet 
bevredigde zuigreflex bij rokers aan z'n trekken. 
IX 
De disco is een uiting van de huidige maatschappelijke disco-tmnunicatie. 
Nijmegen, 11 september 1981 G.E.J.M. Hoelen 


